The Developmental Role of Membrane in the Cellular Slime Mold, Dictyostelium Discoideum by Tuchman, Jessica
TIIE DEVELOPME°t'<"'TAL ROLE OF hEMBRANE IN TIIE 
CELLULAR SLIME MOLD, DICTYOSTELIUM DISCOIDEUM 
Thesis by 
Jessica Tuchman 
In Partial Fulfillment of the Requirements 
for the Degree of 
Doctor of Philosophy 
California Institute of Technology 
Pasadena, California 
1974 
(Submitted October 4, 1973) 
ii 
To my parents 
With much love and with gratitude 
for so many kinds of good examples 
iii 
ACKNOWLEDGD1ENTS 
Dr. Harvey Lodish comes very close to person~fying my 
idea of the perfect graduate stucent advisor. He has been 
consistently interested and enthusiastic and unstintingly 
generous with both his laboratory expertise and his enormous 
scientific knowledge. He seems to know precisely how to 
tread the line between too much and too little advice. He 
has found ways to share with his students something of his 
own intuitive sense of the meaning of a bit of raw data and 
of what experiment to do next. On top of it all, he has 
been a good friend. I am and will remain deeply grateful 
for the chance to spend two years in his lab. 
This would be the appropriate place to thank all the 
friends and associates whose help and friendship have en-
riched the last few years . Unfortunately, my list would 
have to include people from two schools rather than one, and 
therefore reaches a ludicrous length when written out. Also, 
my powers of decision having been sorely overworked in the 
past few weeks, I am unable to decide whom not to thank. So 
I have contented myself with simply saying that I feel I have 
been incredibly lucky in the people I have known and worked 
with both at Caltech and at M.I.T. I thank them for every-
thing : the learning and the laughter. 
iv 
I would like to thank two people by name, Elaine Lenk 
for performing the electron microscopy included in this 
thesis, and Marilyn Smith for typing it at great speed and 
with unabated good humor . 
v 
ABSTRACT 
This thesis concerns the role of the cell surface membrane 
in cell-cell interactions. Specifically, the purpose of these 
experiments .was to discover whether the aggregation of the cellu-
lar slime mold pictyostelium discoideum is accompanied by, and 
perhaps dependent on, specific differentiation of the cell sur-
face membrane, and if so, whether such components could be iso-
lated in an active state. To this end, partially purified cell 
surface membranes were prepared from both vegetative (0 hour) 
and developing (14 hour) cells. The membranes were characterized 
by suc~ose gradient centrifugation, SDS polyacrylamide gel 
electrophoresis, and electron microscopy. It was found that 
membranes from both 0 and 14 hour cells possessed the ability 
to inhibit the developmentally controlled aggregation of slime 
mold cells when mixed with these cells and plated under normal 
laboratory conditions. HeLa cell membranes, even at the highest 
obtainable concentrations, were inert in this respect. Aggre-
gation phase membranes were able to prevent cell aggregation at 
significantly lower concentrations than was required for vegeta-
tive membranes, and were also ma~kedly more resistant to heat 
degradation. It appears that aggregation phase membranes block 
aggregation by preventing the attainment of aggregation competence 
in the developing cells, whereas vegetative membranes appear to 
act through a direct competition for available agg~egation antigen 
receptor sites on the cell surface. 
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The effect of the differentiated membranes on several develop-
mentally controlled enzymes was tested. Membrane treatment leads to 
the induction of some developmentally controlled enzymes and the re-
pression or excretion of ethers . In one case , alkaline phosphatase, 
enzyme induction occurs 12 hours earlier than in nonnal cells, and 
the enzyme reaches approximately double its normal activity . The 
distribution of effected and uneffected enzymes bears no resemblance 
to the normal sequence of enzyme induction. The only characteristic 
with which t he membrane effect can be linked, is the intracellular 
localization of the effected enzyme. The results indicate that there 
are some difficulties in the generally accepted view of the slime 
mold developmental program, and point out the crucial role played by 
the formation and maintenance of cell-cell contacts during nonnal 
development. 
A study of the changes in protein synthesis during slime mold 
development was also undertaken. Total cell protein was displayed on 
SDS polyacrylamide gels after a 2 hour pulse label. It was found 
that . during the first few hours of development, a single major band 
accounts for more than 20 percent of tha total protein on the gel. 
Actin was purified from vegetative cells by a known procedure , and 
was found to correspond to the major band in several respects . The 
discovery of a single protein being synthesized in such quantity, and 
its identification as actin, provide a powerful tool for the isola-
tion of a specific messenger RNA molecule , and for an intensive study 
of all the factors involved in regulating protein synthesis in a 
eucaryotic organism. 
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THE BIOLOGICAL ROLE OF 
PLASMA MEMBRANE AND A 
REVIEW OF SLIME MOLD PHYSIOLOGY 
2 
INTRODUCTION 
This thesis concerns the role of the cell surf ace membrane 
of Dictyostelium discoideum during the aggregation of these cells. 
There has been ? steadily increasing interest in the biological 
and physical properties of cell surface membranes in the past 
years. Most of this interest has been directed towards the physi-
cal and chemical characteristics of membrane: its composition, 
molecular architecture and surface topology. Nevertheless, the 
opposite approach, the investigation of those biological phenom-
ena in which the plasma membrane is ind·.ibitably involved has 
also been the subject of significant anri promising studies. 
This Introduction will attempt first to summarize the outstanding 
research produced by this latter approach. The development and 
physiology of the cellular slime mold Dictyostelium discoideum 
is then discussed, as are the nature and goals of the experiments 
presented thereafter. 
A detailed presentation of what is now known of the compo-
sition and structure of cell surf ace membranes is beyond the 
scope of this discussion and is well reviewed elsewhere (Wallach, 
1972; Oseroff et al., 1973). However a few general comments are 
3 
important to what follows. Conflicting theories of membrane 
structure which emphasize defined static architecture, have 
recently lost ground to the growing realization that the cell 
membrane is a dynamic, rapidly turning over collection of pro-
tein, glycoprotein and glycolipid molecules embedded to some 
extent in a lipid bilayer (Warren, 1969; Schimke and Dehlinger, 
1971; Singer and Nicolson, 1972). The changing composition of 
the membrane is further complicated by the confusion over exactly 
what constitutes the membrane: where its boundaries can be 
drawn both on its inner and its outer surfaces (Oseroff et al., 
1973). 1level and Ito (1965) proposed the term "greater membrane" 
to incluue the glycoprotein and mucopolysaccharide exudate 
which is thought to comprise the associated "fuzzy coat" de-
scribed by electron microscopists. Bennett (1963) has proposed 
the term "glycocalyx" to describe roughly the same material. 
An extensive review of available data led Guidotti (1972) to 
divide membrane proteins into two classes. One class which 
would include the disputed substances mentioned above, can be 
displaced by such treatments as sonication, high salt, and mild 
detergent and resembles general cell protein in its amino acid 
composition. The second class of protein includes those which 
are tightly bound to lipid, contain a high proportion of nonpolar 
residues, and are not displaced by mild treatments. The proteins 
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which have a structural or transport function, are held to be in 
this latter class. The protein =oieties of glycoprotein, which 
is generally found on the outer surface of the membrane and of ten 
protudes some distance from the cell, are of ten hydrophobic and 
are released only after enzymatic digestion (Kraemer, 1971; 
Fairbanks et al., 1971; Marchesi et al., 1972). It is clear that 
numerous proteins and glycoproteins are associated with plasma 
membrane, more or less tightly bound . Which, if any of these 
can be definitively termed a part of the membrane is at present 
an open, and not particularly enlightening, question. 
These uncertainties are even further compounded by the 
fact that the cell surf ace membrane is the only subcellular 
organelle which must be disrupted in order to be isolated and 
studied. The possible artifacts l~rking in the path of the re-
searcher who attempts to isolate and study plasma membrane are 
truely formidable. For example, it has been shown that lipid 
molecules are exchanged between different membranes during mem-
brane isolation (Tsukagoshi and Fox , 1971). Membranes may lose 
or gain various ligand molecules ~hich would critically alter 
their activity . There are also numerous problems, caused by the 
need for some disruption procedure, which can cause a critical 
structural rearrangement in the nembrane . If membranes exist 
naturally as a composite of many changing and constantly inter-
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acting unstable states as is currently believed, the chances of 
isolating a membrane which is identical in biological activity 
to its in vivo counterpart are small indeed. The highly coop-
erative nature of specialized membrane functions is well dem-
onstrated by the work of Sidman on "reeler" mice (Delong and 
Sidman, 1970). Reeler mice display a muscular uncoordination 
phenotype which has been shown to be the result of a single 
point mutation. The cerebellum shows an abnormal pattern of 
cellular associations and connections. Both normal and reeler 
embryonic cells can be dissociated with trypsin and will re-
form aggregates in vitro. The cells fTum reelers form abnormal 
cell connections exactly similar to th0se they make in the 
brain. Thus a single mutation, presumably affecting a single 
protein species, leads to a wholly altered region(s) of the 
cell surface membrane, that involved in the particular connection 
of cerebellar cell to cerebellar cell. 
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MEMBRANE FUNCTION 
The most widely studied group of biological phenomena in-
volving the cell surface membrane is unquestionably the set of 
activities which make up the innnunological system. The clonal 
selection theories of Burnet (1970) and Jerne (1971), on which 
most recent research in this field is intellectually based, 
postulate that a given immunocompetent cell is predetermined 
to respond to only one antigen (or to a very small ntnnber of 
antigens). The physical basis of this commitment lies in the 
presence of the corresponding antigen receptor(s) (antibody) 
in the cell's plasma membrane. The presence of the receptors 
on the cell surface has been visualized in numerous experi-
ments using radioactive-labeled or fluorescent-labeled antigens 
(Davie et al., 1971; Byrt and Ada, 1969). The surface local-
ization of antigen-antibody binding is further demonstrated by 
the results of passing lymphocytes from non-immunized mice 
through columns of beads which bear adsorbed antigens of a cer-
tain type. The population of excluded cells is unable to trans-
fer the primary immune response to the given antigen, when in-
jected into syngeneic immunoincompetent mice (Wigzell and 
Anderson, 1971). 
Antigenic changes which occur as a consequence of cellular 
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differentiation are well documented. The plasma membrane of 
lymphoid cells changes profoundly during differentiation , as 
shown by the disappearance of TL antigen , the five-fold decrease 
in e, and the six-fold increase in H-2 antigens (Aoki et al . , 
1969) . As another example, the well-studied Forssmann antigen 
which appears on many types of embryonic cells is not found on 
adult cells (Robertson and Black, 1969). 
Another widely investigated field has been that of cell-
cell adhesion in vitro . Numerous tissues have been disaggre-
gated to single cells and allowed to reaggregate in vitro. 
Under these conditions homologous cells adhere to each other. 
When twc• cell types are mixed, the eventual result is a circular 
mass of cells composed of an inner circle of one cell type, 
surrounded by an outer circle of the other type (Roth , 1968). 
Further studies led to the discovery that whereas chick embryo 
heart cells are usually less adhesive and aggregate around 
retinal epithelial cells, under some circumstances the reverse 
can occur (Armstrong et al., 1972) . The position reversal ef-
fect was attributed to changes in the cellular adhesiveness of 
heart cells during cell culture . These results and others 
have been interpreted according to a differential adhesion 
hypothesis of Steinberg (1970) which states that cells have a 
characteristic adhesiveness (which may change during development) 
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and that their sorting behavior in vitro occurs so as to maxi-
mize the final total of the strer:gths of adhesion between all 
the cells in an aggregate. 
A parallel ability of cells to become part of isotypic tis-
sue in vivo has been shown by experiments of Weiss and Andres 
(1952). They injected black pigi::.ented feather stem cells into 
the blood stream of unpig:nented host chicks. The injected cells 
lodged in feather germs, as shown by the patches of black 
feathers which eventually appeared. The ability of cells to 
form correct intercellular connections is more even dramatically 
demonstrated by the exquisite specificity of cell-cell connections 
in the central nervous system in both noTI'J.al and severely altered 
(by an experimenter) circumstances (Sperry, 1951; Jacobson, 
1970). 
A closely related area of research has centered on the role 
of ligands in the formation of cell-cell contacts . Specific 
supernatant factors have been identified from chick neural retina 
cells (Lilien, 1968; Lilien and }~oscona, 1967), sponge cells 
(Humphreys, 1963; Moscona, 1968) and mouse cerebrum cells (Garber 
and Moscona, 1972) . The mouse cerebrum factor, which is typical 
of these, stimulates aggregation of mouse, and to a lesser ex-
tent of chick, cerebrum cells, but does not affect other types 
of mouse brain cells or cells frcm non-nervous tissue. Its re-
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lease into the supernatant depends on both the age and the dif-
ferentiated state of the producing cells. Cell sensitivity to 
the factor is also age dependent. Moscona (1968) has proposed 
that ligand molecules are one ~eans by which cells communicate. 
It is not known whether their release from cells cultured in 
vitro reflects a perturbation of the normal state , or whether 
such molecules may be one means of communication at a distance 
between cells in an organism. It is of interest in this respect 
that the mammalian hormone glucagon which acts on the cell sur-
face has been shown to regulate adenyl cyclase activity in the 
fungus Neurospora crassa (Flawia and Tores, 1972) reflecting 
what may be a widespread appearance of such molecules and their 
conservation during evolution. 
A related phenomenon to cellular adhesiveness is agglutin-
ability. Most research in this area dates from the recent dis-
covery of a group of plant glycoproteins known as lectins. Simi-
lar results have been obtained from the study of Concanavalin A 
(Con A), wheat germ agglutinin, and soybean agglutinin. Con A 
agglutinates transformed cells in cultures, but will not agglutinate 
normal cells unless the cells have been previously subjected to 
mild trypsinization (Inbar and Sachs, 1969a & b). The binding 
sites for Con A are present on normal cells, but 85% are in an 
unexposed, or cryptic, condition. Reversion of SV40 transformed 
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cells to normal cells is correlated with an apparent loss of 
binding sites, but is root correlated with the loss of the SV40 
genome or the SV-40 specific T antigen (Inbar et al., 1969; 
Pollack and Burger (wheat germ agglutinin), 1969). Thus, cell 
agglutinability depends on the number of exposed lectin binding 
sites, and this number is greatly increased as a consequence of 
viral transformation. 
It has been solidly demonstrated that lectins are not taken 
up into cells, but exert their effect through binding to the 
cell surface. It is therefore of special interest that the dif-
ferentiation of lymphocytes is affected by lectin binding. The 
changes are apparently due to changes '.n the internal concentra-
tions of various cyclic nucleotides, caused by the lectin binding 
(Smith et al., 1971; Greaves and Vauminger,.1972). 
The general role of cell surf ace carbohydrate in cellular 
recognition is an intriguing one. Carbohydrates appear to be 
particularly well suited to this function because of the very 
large number of specific molecular structures which can be made 
from a small number of monomers. Four different monosaccharides 
in a chain can be arranged in many more combinations than can 
twenty amino acids in a polypeptide chain of comparable size 
(Ginsburg and Kobata, 1971). This is due to the possibility for 
forming bonds between several different hydroxyl groups, because 
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of the option for a or B linkage and because of the possibility 
of forming branched ch~ins. The unusual distributio~ of glucose, 
the most abundant sugar in nature, adds further speculative 
strength to this possible role for carbohydrates. Glucose is 
found in large quantities in animals both free in the intercellu-
lar fluid and in glycogen, but it is virtually absent from mam-
malian glycoproteins and glycolipid (Ginsburg and Kobata, 1971). 
This distribution might be explained if exposed carbohydrates in 
glycoprotein and glycolipid molecules were actually involved in 
intercellular recognition reactions. 
Experimental support for these suppositions has recently 
appeared. Carbohydrates are involved in the intercellular ad-
hesion of embryonic chick neural retina, and mouse ascites cells 
(McGuire, 1972). Other work has shown that blood platelets 
bind to a wound by sticking to carbohydrate moieties of collagen 
(Basmann, 1971; Jamieson et al., 1971). Both investigators sug-
gest that the binding occurs through a glycosyl transferase-
substrate reaction. The possible widespread role of glycosyl 
transferases in cell-cell interactions has recently attracted 
a great deal of attention (Roseman, 1970; Roth and White, 1972). 
The theory is an attractive one, because the binding reaction 
is also an enzymatic reaction and therefore has the inherent 
ability to modify both cells by the very act of forming the inter-
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cellular contact. This would give rise to a highly specific but 
yet flexible system. 
Another recent field of research involving the cell surface 
membrane has been the investigation of cell fusion mediated by 
inactivated Sendai virus. Although the molecular mechanisms by 
which fusion occurs remain unknm.m, it has been established that 
the fusion promoting factor of the virus lies in the lipoprotein 
layer of its membrane (Barbanti-Brandano et al., 1970). When 
mouse melanocytes are fused with macrophages, a plasma membrane 
receptor site necessary for phagocytosis in macrophages dis-
appears from the heterokaryon within twenty hours after fusion 
(Gordon and Cohn, 1970) . However it has been shown that trypsin 
treatment unmasks the receptor, leading to the conclusion that 
it is blocked in the heterokaryon by a me1anocyte cell surface 
factor. The implication is that after fusion a general redis-
tribution of surface molecules occurs so that within a short time 
the surf ace of the heterokaryon resembles a composite of the two 
parent types. This conclusion is reinforced by the results of 
Frye and Edidin (1970) who fused mouse and human cells which 
were marked with fluorescent labeled antibodies. Ten minutes 
after fusion fluorescent microphotography revealed hetero-
karyons composed of a red half and a green half (representing the 
two fluoresceins)~ After forty minutes however the two colors 
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were evenly distributed over the entire cell surface. The con-
clusion that the cell membranes are dynamic structures in which 
surf ace antigens are free to move and redistribute seems in-
escapable . 
A field which appears to be growing increasingly complex 
is that concerned with the various phenomena grouped under the 
title "contact inhibition". Some progress has been made through 
the realization that contact inhibition of growth and of move-
ment are two distinct phenomena (Stoker and Rubin, 1967; 
Macieira-Coelho , 1967) . The work of Schutz and Mora (1968) and 
of Gurney (1969) indicates that inhibition of growth does re-
quire cell-cell contact, however the situation with respect to 
inhibition of movement is not so clear. A recent review by 
Kohn and Fuchs (1970) includes an ~xtensive discussion of the 
conflicting results in this area of investigation in both nor-
mal and neoplastic cells . 
Neoplasia presents the investigator with a bewildering 
array of cellular defects and abnormalities of which no single one 
has yet been identified as a characteristic of every type of 
malignancy . However a large number of changes involving the 
cell surface membrane are already well known. A variety of 
antigenic changes, including the appearance of the embryonic 
Forssmann antigen on adult cells after transformation (O'Neill , 
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1968; Siskind and Benacerraf, 1969) have been reported. Both 
increases and decreasec in cell agglutinability due ~o trans-
formation are known (Sela et al., 1970). Neoplastic cells show 
an altered response to physiological regulatory factors (Holley, 
1972) and a variety of changes in contact inhibition of both 
movement and growth (see Kohn and Fuchs, 1970 for review). The 
pioneering work of Loewenstein and co-workers (1967) has demon-
strated that normal cells can connnunicate by means of electrical 
coupling created by exchange of ions between neighboring cells. 
They have found defective coupling of this type among hepatoma 
cells and between malignant thyroid and gastric cells (Jamako-
smanovic and Loewenstein, 1968; Kanno and Matsui, 1968). Hepa-
toma cells also display altered intercellular junction sites. 
Benedetti and Emmelot (1967) have reported a significant defi-
ciency of gap junctions in these cells as compared to the number 
in normal liver. A similar result has been noted in squamous 
cell cervical carcinomas (HcNutt et al., 1970). Finally, plasma 
membranes of neoplastic cells have been reported to show altered 
permeability, notably a specific "leakness" to certain intracellu-
lar enzymes (Sylven et al., 1959) which is not due to cell damage. 
Considering all the available evidence, there may well come a 
time when one can state with certainty_, as some workers have already 
suggested, (Wallach, 1972; Holley, 1972) that all neoplasias in-
volve some abnormality of the cell surface membrane. 
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SLIME MOLD PHYSIOLOGY 
The outline of slime mold development which follows does 
not intend to be a comprehensive review of what is known. 
Rather it includes a brief outline of the slime mold life 
cycle and its physiology, with an emphasis on those aspects 
of the life cycle which involve intercellular communication 
in one form or another. 
The schematic outline of the life cycle of Dictyostelium 
discoideurn, shown in Figure 1, can be divided into two mutually 
exclusive phases: growth and development. The development 
phase is triggered by the exhaustion of nutrients and is 
abruptly halted if nutrients reappear. The two phases are 
also distinguished by the absence of intercellular communica-
tion during vegetative growth, and the many forms of such 
interaction during development. It should be noted that there 
has been a report that vegetative amoebae·excrete a substance 
which causes the amoebae to move away from each other (Samuel, 
the 
1961). With/exception of this primitive form of communication, 
it can be stated with some confidence that 0 hour cells (vege-
tative cells just removed from a food source) are a homo-
geneous population with respect to past and present cellular 
interactions. 
·---. 
! / I 
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THE LIFE CYCLE OF THE CELLULAR SLIME MOLD 
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The first eight hours of development involve biochemical 
preparations for aggregation . Dictyostelium aggrega~ion is 
mediated by cyclic AMP (Konijn et al., 1967; Barkley, 1969). 
During the period preceeding the appearance of visible aggre-
gates, there is a one hundred- fold increase in the production 
of cyclic P~IP (Bonner, 1969) a concomitant increase in the 
sensitivity of the response to cAMP (Bonner, 1969) and changes 
in the production and activities of an extracellular cAMP 
phosphodiesterase (Malkinson and Ashworth, 1973; Chang, 1968) 
and an inhibitor of the phosphodiesterase (Gerisch et al., 
1972). The evidence indicates that the cells aggregate along 
a gradient of cAMP (Bonner, 1971). Hcwever experimental proof 
of the existence of such a gradient has not yet been reported 
and the means by which it might be produced· remains a subject 
of considerable theoretical debate (Keller and Segel, 1970 a 
& b; Cohen and Robertson, 197la & b). On the basis of visual 
observations which show that cells aggregate in a series of 
pulses of movement (Arndt, 1937; Cohen and Robertson, 197la) 
Shaffer (1957) proposed that the cAMP gradient passes out-
ward from the center by a relay system from cell to cell . 
Gerisch (1968) has elaborated on and further developed this 
theory . 
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There is some evidence that by the time the cells begin 
to form aggregates the population is no longer homogeneous. 
Ashworth an~ Sackin (1969) have proposed that aggregates are 
initiated by aneuploid cells which carry two copies of the 
chromosome bearing the gene(s) responsible for cAMP production. 
Takeuchi (1963) has reported that an antigen found on mature 
spores is found in differing amounts among pre-aggregation 
cells. The cells containing increased amounts of the anti-
gen were distributed randomly among the aggregating cells. 
Takeuchi has also reported (1969) that pre-aggregation cells 
can be ~orted into two classes on the basis of a difference 
in their buoyant density. Thus there is some evidence that 
after eight hours of development the developing cells are no 
longer a homogeneous population, and that the position of a 
cell in the aggregate may not be due to chance, but may be 
the result of some intrinsic property of the cell. 
It is nevertheless clear, that if such differences in 
the cell population do exist, they are phenotypic, not herit-
able. As shown in Figure 1, migrating slugs contain an an-
terior region composed of pre-stalk cells and a posterior 
region of pre-spore cells. If slugs are cut in half and kept 
for some time under conditions in which they continue to mi-
grate, each half will eventually form a small but normal 
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fruiting body containing the correct proportions of spore and 
stalk cells (Bonner and Adams, 1958) . Bonner (1952) followed 
isolated anterior ends of cut slugs through ten fruiting cycles 
but could detect no differences between the final population 
of cells and the parent population. 
The nature of the cell-cell contacts formed during aggre-
gation, are not well known . Gerisch (1968) has shown that 
Dictyostelium cells possess two distinct types of "stickiness". 
One type , which is distributed over the entire cell surface , 
is sensitive to 10-~ EDTA, while the other, localized at 
the ends of the cells is resistant. Gerisch also demonstrated 
that agEregation phase cells (cells after 10 hours of develop-
ment) will clump in the presence of EDTA whereas vegetative 
amoebae will not. Microphotography has revealed (Gerisch , 
1968; Cohen and Robertson, 1971) that aggregating cells form 
chains in which the cells are connected end to end. 
Sonneborn has exhaustively studied the immunological 
properties of developing cells (Sonneborn et al . , 1964). He 
characterized several cell surface antigens including one which 
is undetectable in vegetative amoebae and rises rapidly to a 
peak during the first 8 hours of development . Gerisch and co-
workers (Beug et al., 1970, 1973) have described a similar anti-
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genie determinant using different immunological tests. 
Cells which have been incub~ted in the absence of a food 
source for eight hours whether on plates , in roller cultures , 
or in suspension on a ro t ary sh~:er, will form normal aggre-
gates within 2-3 hours after plat ing (or replating in the 
case of cells incubated on plates) (Gerisch, 1968; Chapter I 
this thesis) . Such cells have been tenned "aggregation com-
petent" cells. Experiments descr ibed in Chapter I show that 
the only requirement for acquisit ion of this state appears to 
be the series of biochemical events which are induced by the 
absence of an available food source . There is no necessity 
for cell-cell contact during this process, or for the forma-
tion of gradients of any chemical substance . The immunological 
results described above demonstrat~ that cell surface changes 
do occur during this period, ho~ever they do not shed light 
on the crucial question of whether such changes are necessary 
for aggregation competence . In this respect, it is of interest 
that Sonneborn et al . (1964) tested thirteen morphological 
mutants which are unable to aggregate, for the presence of the 
so-called aggregation antigen. Twelve of the thirteen strains 
were found to contain the antigen. It is also not yet known 
whether the appearance of new antigens is the result of a con-
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figurational change in the cell membrane which exposes anti-
gens that were previously blocked, or whether synthtsis of new 
proteins is involved. Thus the changes in the cell cytoplasm 
and on its plasma membrane which are necessary for the attain-
ment of aggregation co~petence remain largely unknown, although 
various changes have been docu:r:J.ented and evidence exists 
which indicates that the critical regions will be found to be 
localized at the ends of the cell. 
The period immediately following aggregation, between 12 
and 16 hours of development, is one of the most intriguing but 
least understood phases of slime mold development. A variety 
of experiments, using vitally stained, chemically stained, and 
radioactively labeled cells, as well as numerous cutting, 
grafting and cell mixing experiments, all lead to the conclu-
sion that this is a period of violent cell reassortment within 
the aggregate and the developing slug (Raper, 1940; Bonner, 1952, 
1959; Bonner and Adams, 1958; Takeuchi, 1969; Bonner et al., 
1971). However the cell properties which determine these events 
and the mechanisms which regulate them remain a mystery. 
At the end of this period, the slug contains two cell types 
distinguishable on histological, cytological, and biochemical 
grounds. The anterior 1/3 of the slug contains pre-stalk cells, 
while the remainder is composed of pre-spore cells containing 
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characteristic vacuoles. These vacuoles eventually fuse with 
the cell membrane to form the spore cell wall (Hohl &nd Hamamoto, 
1969). Although both cell types contain many evidences of dif-
ferentiation and connnitment to one developmental fate, both 
the individual cells and the organism as a whole remain ex-
tremely flexible in their ability to respond to environmental 
change. As described above, if the slugs are cut along the 
pre-spore-pre-stalk line, and the separated ends are kept in 
conditions which prevent culmination, each end will redif-
ferentiate so that it contains the correct ratio of pre-spore 
to pre-stalk cells (Raper, 1940 ; Gregg, 1965). If conditions 
are such that culmination is immediately induced, the anterior 
end will produce a long skinny stalk supporting a tiny sorus 
while the posterior end forms a large sorus on a barely visible 
.stalk. The clear implication of such experiments is that the 
developmental fate of a cell can be changed by artifically 
changing its position in the slug. Therefore individual cells 
within the organism must be capable of sensing their cellular 
surroundings and communicating this (and possibly other) in-
formation from cell to cell. 
The work of Raper (1940) and Gregg (1971) implies that 
such developmental flexibility not only involves intercellular 
communication, but actually requires cell-cell contact. Gregg 
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(1971) isolated both individual cells and groups of cells from 
organisms at various stages o~ development. In every case, indi-
vidual cells were incapable of further differentiation or re-
differentiation to a different cell type. Isolates containing 
small numbers of cells displayed both these capabilities. Both 
single cell and group isolates retain the ability to dedifferen-
tiate to vegetative amoebae and resume cell division, when placed 
in the presence of a food source (Raper, 1940). 
Another property of slime mold cells which apparently re-
quires cell-cell contact is that of synergistic development. 
Various morphological mutants, blockec at different stages of 
development, can complete development and form normal fruiting 
bodies when mixed and plated with wild type cells (Sussman, 1954; 
Ennis and Sussman, 1958; Weber and Raper, 1971). The proportion 
of wild type cells necessary for this effect varies depending on 
the particular mutant involved, but proportions as low as 10 per-
cent are sufficient in some cases. In all successful mixtures 
the spores produced through synergy reflect the two parent popula-
tions. Thus there is no evidence that heterokaryons are formed 
or that any other type of genetic exchange occurs. A thin strip 
of large pore dialysis membrane inserted between the mutant and 
wild type cells prevents synergy, indicating that either an ex-
tremely labile moleeule is involved or that actual cell-cell con-
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tact is required. 
Returning to some slightly less mysterious even t s in slime 
mold development, the period ber~een 16-18 hours is the period 
of slug migration. The coordinated tropisms of the migrating 
pseudoplasmodium are further clear evidence of the sophisticated 
cell interactions in this organisn. The pseudoplasmodium migrates 
towards higher heat, greater hurridity and light (Bonner et al., 
1950; Bonner and Shaw, 1957; Francis, 1964). The duration as 
well as the direction, of slug nigration depends on environ-
mental conditions. Slugs incubated in the dark, or on a sub-
stratum of low ionic strength, will continue to migrate for as 
long as they are able (Bonner et al., 1952; Newell et al., 1969) 
If transferred to a buffered substratum or briefly illuminated, 
the slugs will cease migration and culminate. The sensitivity 
of the migrating slug to these environmental conditions is 
particularly remarkable because the individual cells within it 
display none of these properties prior to the beginning of devel-
opment. 
Perhaps the most thoroughly investigated aspect of slime 
mold development is the study of the so-called "developmentally 
controlled" enzymes. Approximately twenty enzymes have been 
shmvn to increase in specific activity at a specific time in 
development which is correlated Kith a particular morphological 
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stage (see Sussman and Sussman, 1969 and Newell, 1971 for re-
view). The need for prior RNA, and concomitant protein synthe-
sis has been well demonstrated. In most cases, enzyme induction 
does not occur in morphological mutants whose development is 
blocked prior to the stage at which induction normally occurs. 
The specific activity of these enzymes can often by used as a 
biological marker to indicate the developmental state of the cells 
(Newell et al., 1971; Newell, 1971). However, there are many 
differences in behavior among the group of enzymes considered 
to be developmentally controlled, and recent evidence exists 
which implies that some of them may not be, as originally sup-
posed, an integral or necessary part of the slime mold develop-
mental program (Quance and Ashworth, 1972; Tuchman, Chapter II 
this thesis and unpublished observations). A more complete 
discussion of developmental enzymes is presented in Chapter II 
of this thesis. 
Dictyostelium discoideurn is an organism particularly well 
suited to the study of cell-cell interactions for a variety of 
reasons. These include the fact that the life cycle is short, 
can be accomplished synchronously by large numbers of cells 
under laboratory conditions, and can be easily manipulated and 
monitored by the experimenter. More particularly, as the dis-
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cussion above indicates, the cells are capable of several types 
of complex cellular interaction, and the time at which such inter-
actions begin can be precisely pinpointed. 
It is critically important that studies of cellular inter-
actions begin with a homogeneous cell population and be carried 
out in conditions as close to the natural state as possible. 
The difficulties in extrapolating from the results gained from 
the study of artificial cell societies (whether assayed by ad-
hesiveness, agglutinability, ir:r:runological activity, etc.) to 
actual in vivo function are awesome. We have attempted to avoid 
these difficulties by studying a biological phenomenon, the process 
of developmentally programmed aggregation in Dictyostelium. We 
have asked the question are there molecules on the cell surface 
necessary for aggregation, and if so, can they be isolated in a 
biologically active membrane preparation? Further, when do these 
molecules appear during normal development, and does the inter-
action between two neighboring cell surf aces signal the cell or 
affect its subsequent development in any way? We have been able 
to isolate a partially purified plasma membrane fraction which 
is capable of specifically blocking the aggregation of other cells. 
We have investigated the nature of this interaction by monitoring 
previously characterized develcpnentally controlled events; par-
ticularly morphogenesis and the specific activities of develop-
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mentally controlled enzy::.es. 
This system affords the opportunity to eventually purify 
the active component(s) from the membrane preparation and study 
its interaction directly with cells which are in their normal 
condition, and are carrying out a well characterized biochemical 
program. Such a system would ccnstitute a tool for the study of 
the role of the cell surface me=.~rane in cellular communication 
which has not been previously available . 
Chapter III of this thesis turns to a different subject. 
In it we describe the major char:ges in the pattern of slime 
mold protein synthesis during development. We have discovered 
that during the first few hours of de\elopment a single pro-
tein species accounts for 20 percent of the total protein syn-
thesis. The protein was found to be a conponent of the membrane 
fraction and was purified and icentified as slime mold actin. 
Although we have no explanation of why the cells might need 
such greatly enhanced synthesis of actin at this stage of de-
velopment, it may provide the ~eans for isolating a pure mRNA, 
and studying its regulation duri:ig translation . 
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I. INHIBITION OF THE DEVELOPMENT 
OF DICTYOSTELIUM DISCOIDEUN BY 
ISOLATED PLASMA MEMBRANES 
35 
INTRODUCTION 
The cellular slime mold Dictyostelium discoideum offers a 
uniquely well adapted system for the study of cellular inter-
actions in morphogenesis, and the role of the cell membrane in 
these interactions. 
The life cycle of this organism includes a unicellular 
vegetative growth phase, and after exhaustion of the food supply, 
a nondividing developmental phase. During development, the 
amoebae aggregate, forming discrete organisms composed of ap-
proximately 5 x 105 cells. This phase of the developmental 
program requires twelve hours under laboratory conditions. 
After aggregating, the cells undergo a period of major cell 
sorting events, after which each organism differentiates into 
two distinct cell types,spore and stalk, and forms an erect 
fruiting body. The entire program is completed in 24-26 hours. 
The developing organisms possess properties not found in 
the individual amoebae. They are capable of coordinated move-
ment, are phototactic (Francis, 1964) attracted towards higher 
humidity (Bonner and Shaw, 1957) and exhibit complex cell 
sorting phenomena (Bonner, 1932; Bonner, 1959; Bonner and Adams, 
1958). Further evidence of the continuous exchange of informa-
tion between these cells during morphogenesis is provided by 
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the delicate regulation of the proportions of the two developing 
cell types: pre-spore and pre-stalk. The ratio of pre-spore to 
pre-stalk cells is maintained at 2:1 and is readjusted within a 
single organism, through differentiation and subsequent redif-
ferentiation, even if all of one cell type is artificially ex-
cised from the migrating slug (Bonner, 1967; Gregg, 1965). 
The normal life cycle thus offers the following advantages 
for the study of cellular interactions: (1) Vegetative cells 
harvested during logarithmic growth constitute an entirely 
homogeneous population with respect to past and present cellular 
interactions (Gerisch, 1968) and (2) There exists abundant evi-
dence for sophisticated cellular interactions in an extremely 
simple and easily cultivated eucaryotic organism. 
We have attempted to answer the question: are there mole-
cules on the cell surface responsible for the formation of specific 
cell contacts during aggregation and if so, can these be isolated 
in a biologically active condition? In so doing we have devised 
an assay which measures the ability of a partially purified mem-
brane preparation to specifically block aggregation of Dictyo-
stelium cells. The membranes appear to act by preventing the 
cells from becoming competent to aggregate, rather than by block-
ing the actual formation of the intercellular bonds. Insight 
into the nature of the interaction between the developing cells 
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and the membrane fragments can be gained from a comparison of 
subsequent biochemical events in the membrane treated cells 
with those observed in cells undergoing uninterrupted develop-
ment . The effects of membrane treatment on the induction of 
enzymes known to be developmentally controlled, are described 
in the accompanying paper . 
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MATERIALS AXD METHODS 
Organism: 
Strain AX-3, an axenic haploid strain derived from the wild-
type NC-4 isolated by Raper (1935) was used throughout these ex-
periments. 
Growth and harvest of vegetative cells: 
Cells were grown in BL-5 medium containing per liter: lOg 
protease peptone, 5g yeast extract, lOg glucose, 0.34g KH2Po4 , 
0 Cells were grown at 22 C on 
a rotary shaker at 150 rpm, and ,,-ere harvested in mid-log phase 
6 
at a concentration of 5 x 10 /ml. The cells were harvested by 
centrifugation at 2500 rpm and were washed twice in cold PDF 
(pad diluting fluid) containing per liter: O.lllg CaC12 , 4.6g 
NaH2Po4 -H2o, l.5lg Na2HPo4 , l.5g KCl, and 0.6lg MgS04 , final 
pH 6.4. The final pellet was resuspended to the desired concen-
tration in PDF and used irrn:nediately or frozen in liquid N2 for 
later use in the preparation of vegetative membranes. 
Plating and harvest of developing cells: 
4.5 ml of vegetative cells at 2 x 108 cells/ml in PDF were 
deposited on a 12.5cm Whatman No. 50 filter paper supported by 
two 12.Scm Whatman No. 3 filter papers saturated in PDF. Devel-
opment was allowed to proceed for 14 hours, at 22°C, after which 
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the cells were harvested and the aggregates disrupted by washing 
the cells off the paper with a large bore pipette. The cells 
were then centrifuged at 4000 rpm, washed twice in cold PDF, re-
suspended at the desired concentration, and used immediately 
or frozen in liquid N2• 
Cell lysis: 
Cells to be used for membrane isolation were lysed by freeze-
thaw in liquid N2 • This procedure resulted in approximately 95% 
lysis and was the most gentle method found to be effective. 
Membrane preparation: 
Dictyostelium discoideum cells (vegetative or aggregation 
phase) which had been frozen in liquid N2 were thawed and layered 
on a linear gradient, 15% to 45% sucro3e, 0.02M Tris pH 8.0. 
The gradients were centrifuged in a Spinco SW 25.2 rotor at 
0 25,000 rpm for at least 8 hours at 4 C. Membranes were defined 
as the turbid band which appears at a density of ca. l.16-l.17g/ml. 
In later experiments a step gradient was substituted: 15 ml l.5M 
sucrose, 0.02M Tris; 15 ml 0.2M sucrose, 0.02M Tris overlayered 
with 8 ml of thawed cells in PDF. These were spun for at least 
8 hours in an SW 27 rotor. In this system the membranes band 
at the 0.2-l.5M sucrose interface. The turbid membrane band was 
removed by pipetting and was diluted with at least 10 volumes 
of cold PDF. This solution was then centrifuged at 19,000 rpm for 
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30 minutes. The pellet was washed once with PDF and then re-
suspended in PDF with a tightly fitting Dounce homogenizer. 
In some cases the resuspended membranes were then autoclaved for 
12-15 minutes in tightly sealed glass tubes. 
Aggregation inhibition assay: 
0.15 ml of vegetative or developing cells at a concentra-
tion of 3.3 x 108 cells/ml was added to 0.15 ml of the membrane 
preparation being tested, vortexed quickly and innnediately dis-
tributed evenly by pouring onto Whatman No. 50 filters (4.25 cm) 
supported by an absorbent pad saturated with PDF. For photo-
graphic purposes black Millipore filters which had been pre-
viously boiled in three changes of distilled H2o were substi-
tuted for the Whatman filter. The cells were allowed to develop 
in covered dishes at 22°C in the light. Development was moni-
tored visually at intervals for 36 hours. 
Electron microscopy: 
Membranes were prepared for microscopy as described above 
but were not homogenized or autoclaved. The cell pellet was 
washed in O.OlM Tris pH 7 and then fixed in gluteraldehyde and 
osmium tetroxide . The fixed pellet was then stained with uranyl 
acetate, and thin sectioned. 
Additional membrane treatments: 
RNase and DNase (Worthington) were incubated with membrane 
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preparations at a concentration of 50 µg/ml of enzyme for 30 
minutes at 37°C in PDF. Trypsin and pronase (Sigma) were in-
cubated at 2 mg/ml for 45 minutes at 37°C in O.OlM Tris pH 7.5. 
a-amylase (Nutritional Biochemicals Co.) was dissolved in 20mM 
sodium glycerophosphate, O.OlM Tris pH 7.0 and incubated with 
membranes for 10 minutes at 37°c. Neuraminidase (sialidase) 
obtained from Sigma Chemicals was dissolved at a concentration 
of 25 units/ml in 20mM sodium phosphate (pH 6.4), lmM CaC12 • 
This was incubated for 40 minutes at 37°c. All enzyme treat-
ments were carried out in 0.5 ml in glass tubes. After incu-
bation, the tubes were tightly sealed and the enzyme-membrane 
mixture was autoclaved for 15 minutes to inactivate the enzyme 
and .sterilize the membranes. Immediately after cooling the 
membranes were appropriately diluted, mixed with cells and 
plated as described above. Control incubations of identical 
membrane preparations in the enzyme buffer were performed in 
each case. 
Gel electrophoresis: 
SDS polyacrylamide gels were prepared and run according to 
the methods of Fairbanks et al. (1971) except that samples 
were prepared for electrophoresis by boiling for 5 minutes in 
a buffer containing, in final concentration: 2.5% SDS, 10% 
sucrose, lOmM Tris-Rel (pH 8), lmM EDTA (pH 8), 40mM Dithio-
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threitol, and 10 µg/ml of Pyronin Y (tracking dye, obtained from 
Allied Chemical). Gels were run for 3-4 hours at a constant 8 
mamps/gel. After destaining, the gels w~re scanned in a 
Gilford spectrophotometer equipped with a linear transport 
accessory, at 550 nm for Coomassie Blue and 560 nm for PAS stain. 
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RESULTS 
Membrane preparation and characterization: 
By far the most common techni~ue for the preparation of 
eucaryotic plasma membranes employs cell lysis by osmotic shock, 
followed by some type of sucrose gradient purification of the 
membrane (Oseroff et al., 1973). However, Dictyostelium cells 
proved to be resistant to osmotic lysis even under conditions 
of extreme hypotonicity . 
A number of lysis procedures vere tested before liquid N2 
freeze-thaw was adopted as the method of choice. Extensive 
mechanical disruption by homogenization in Tris-acetate or Tris-
EDTA pH 7. 4 resulted in diffuse sccrose gradient profiles with 
a small membrane peak, denser than expected, and a great deal 
of material sedimenting in several different shoulders at den-
sities less than 1.15 g/ml. The addition of low concentrations 
of nonionic detergent (Non iodet P-40, 0 . 5%) in buffers con-
taining Tris or Hepes or stabilized with glycerol, resulted in 
varying degrees of improvement in t he sucrose gradient profiles, 
but membranes prepared in this way proved to be inactive in 
the biological assays. Figure 1 shows a typical on280 profile 
of membranes prepared by the freeze-thaw technique . Profiles 
of membranes prepared from vegetative and aggregation phase cells 
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Figure .!_. Isolation of membranes on a sucrose gradient. 
Cells broken by freezing in liquid N2 were thawed 
and layered onto a 0.2M-l.5M sucrose step gradient. 
After centrifugation to equilibricim, the turbid inter-
face was isolated, dialyzed again and 0.02M Tris pH 8, 
and layered on a 15-45% linear sucrose gradient. The 
gradient was spun to equilibrium at 25,000 rpm in a 
Spinco SW 27 rotor. The gradient was pumped from the 
bottom through a recording spectrophotometer and the 
optical density was measured at · ~so nm. 
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were the same in this respect. The membrane peak regularly 
banded at a density of 1.161-1.66. 
In most cases, membranes were prepared on discontinuous 
sucrose gradients, by collecting from the 0.2-1.SM sucrose inter-
face . After centrifugation to equilibrium in such a gradient, 
unbroken cells, nuclei and mitochondria were found in the pellet. 
Electron microscopy revealed that the turbid membrane band which 
was washed and pelleted before being fixed, contained no 
recognizable structures other than membrane (Fig. 2a). Figure 2a 
shows a field viewed at a relatively low magnification, which is 
typical of sections all through the pellet. Photographs at 
higher magnifications (Fig. 2b) confirm the presence of vesic-
ular structures with the trilaminar appearance characteristic 
of plasma membrane (Olsamer et al . , 1971). Extensive treatment 
of the membranes with fu1ase and EDTA prior to fixing did not 
alter the appearance of the membranes, indicating the absence 
of significant amounts of rough endoplasmic reticulum in these 
preparations . However the photographs do reveal that there are 
two distinct size classes of vesicles in these preparations. 
The larger are thought to be true plasma membrane fragments, 
while the smaller may be derived from lysozomes (Wiener and Ash-
worth, 1970). 
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Figure l· Electr~m micrographs of thin section.:=d slime 
mold membranes. 
A washed membrane pellet was fixed with glutaralde-
hyde and stained with osmium tetroxide and uranyl acetate. 
Thin sections were viewed and photographed at a total 
magnification of a) x 40,000 and b) x 60,000. 
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Membranes were further characterized by SDS polyacrylamide 
gel electrophoresis. 1'!ajor differences were detectec between 
aggregation and vegetative phase membranes in both protein and 
glycoprotein composition. After purification through two rounds 
of centrifugation, ~embrane proteins were dissolved in a sample 
buff~r containing 2.5% SDS. At the more conventional lower SDS 
i 
concentrations, mecbrane preparations did not fully dissolve 
and would not enter the gel. A variety of gel procedures were 
tried, but only the Fairbanks method ga7e satisfactory results 
with these difficult samples. Figure 3 shows the 550 nm profile 
of 5.5% gels stained with Coomassie Bl'1~. Several major dif-
ferences between the vegetative and ag~regation phase membranes 
0 
are readily apparent. The major band/{RF .54-.55, MW 47,000) 
which is present in much greater amounts in· the aggregation 
membranes has been identified as slime mold actin (Tuchman and 
a 
Lodish, 1973). A very high molecular weight band/(ca~ 200,000) 
found in vegetative nembranes is absent from the aggregation 
A 
phase preparation, while a new band/at approximately 150,000 
appears in the latter. There are also a large number of new 
bands found in aggregation membranes in the range from 70-90,000 
molecular weight. 
Gels were also stained with periodic acid~Schiff (PAS) for 
carbohydrate (Fig. 4). Both preparations contained a band at 
50 
Figure 3. Profiles of membrane preparations on 5.5% 
SDS polyacrylamide gels stained with Coomassie Blue (550 nm). 
a) Vegetative membranes 
b) Aggregation membranes 
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Figure ~· Profiles of membrane preparations on 5. 5% SDS 
polyacrylamide gels stained with PAS (560 run). 
a) Vegetative membranes 
b) Aggregation membranes 
<( CD 
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RF 0.085 which appears to correspond to the band which vegetative 
and aggregation membranes show in common when stained with 
Coomassie Blue . In addition, there are two bands unique to the 
aggregation membranes, one which increases significantly in the 
aggregation membranes and one which is unique to the vegetative 
preparation . 
Inhibition of aggregation by isolated membranes: 
Under laboratory conditions , untreated cells harvested from 
vegetative growth are fully aggregated 12- 13 hours after plating 
and have completed fruiting body construction 26 hours after 
plating . Treated cells were plated under the same conditions, 
except that immediately before plating they were mixed with mem-
branes prepared from cells which had been allowed to develop 
for 14 hours (aggregation phase membranes) . When mixed with 
aggregation phase membranes at concentrations greater than 0 . 7 
mg of membrane protein per plate , cells show no sign of aggre-
gation after 36 hours of incubation (Fig~ 5 and 6). At slightly 
lower concentrations, development is delayed but normal fruiting 
bodies are eventually formed. 7 In all experiments 5 x 10 cells 
(approximately 3 mg of cell protein) were deposited on each 
plate. 
Cells mixed and plated with membranes prepared from log-
ari thmically growing cells (vegetative membranes) showed similar 
55 
Figure 2· Aggregation inhibiting activity of different 
membrane preparations. 
5 x 107 cells per plate were mixed with membranes at 
the concentrations shown, and plated as des.cribed in 
Methods, on washed black Millipore filters. The plates 
were photographed after 13 hours with a Polaroid Land 
camera mounted on a light microscope. 
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Figure !· Aggreg2tion inhibiting activity of different 
membrane preparations. 
7 5 x 10 cells per plate were mixed with membranes 
at the concentrations shown, and plated as described 
in Methods, on washed black Millipore filters. The 
plates were photographed after 36 hours with a Polaroid 
Land camera mounted on a light microscope. 
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behavior except that a two-fold greater concentration of mem-
branes was required tc produce complete inhibition of aggrega-
tion (Fig . 5 & 6). At 0 . 3 mg per plate, vegetative membranes 
caused a significant delay in aggregation and the fruiting 
bodies eventually formed were approximately 25 percent of the 
normal size. At a membrane concentration of 1 . 6 mg per plate, 
which approaches the limit that can be pipetted , the cells do 
not ever form normal aggregates, although very small irregularly 
shaped 11unps do eventually appear (Fig . 6) . 
A more striking difference between the activity of aggre-
gation ar.d vegetative phase membranes was revealed by the effect 
of mild heat treatment (50°C for 15 minutes) on the two prepara-
tions . At all concentrations tested, mild heating caused a 
significant decrease in the ability of vegetative membranes to 
delay aggregation . Even at the highest concentration tested, 
such heat treated membranes were unable to prevent the construction 
of normal fruiting bodies. The activity bf aggregation phase mem-
branes on the other hand, showed a considerable resistence to 
heat treatment . Only at low concentrations of membrane (0 . 3 mg 
per plate) was any effect of heat observable, and this was 
limited to a difference of a few hours in the length of the delay 
of aggregate formation. At no concentration was the ability of 
aggregation phase membranes to wholly block aggregate formation 
60 
and subsequent development affected by heat denaturation of the 
membranes. As a resul~ of these experiments, and to avoid the 
problem of bacterial contamination of the assay plates, aggre-
gation phase membranes were routinely autoclaved before being 
mixed with cells for plating. Unless otherwise noted all subse-
quent experiments involving aggregation phase membranes utilized 
autoclaved membranes. 
Both aggregation and vegetative phase membranes thus appear 
to possess an aggregation inhibiting activity. However the dif-
ference in concentration required for activity, and more im-
portantly, the difference in heat sensitivity, indicate that 
the mode of action of the two preparatlons is different. In 
order to determine whether the effects were specific, and not 
a general effect of added membrane, vegetative cells were 
mixed and plated with membranes prepared from HeLa cells. At 
a concentration of 2.75 mg per plate, a solution which is al-
most too thick to pour, HeLa membranes are unable to block or 
even to delay cell aggregation. Nearly normal fruiting bodies 
are formed, protruding through the viscous membrane layer which 
remains on the supporting filter paper. 
Chemical basis of aggregation phase membrane activity 
Aggregation phase membranes were subjected to a variety 
of other treatments in order to shed some light on the chemical 
61 
nature of the component(s) active in the assay (Table I). The 
formation and stability of intercellular contacts during slime 
mold development are known to be sensitive to EDTA (Takeuchi 
and Yabuno, 1970; Loomis and Sussman, 1966). The aggregation 
inhibition assay was therefore performed in the presence of 
++ ++ high concentrations of added Ca and Mg to determine 
whether the membranes might be chelating necessary ions. Mem-
branes were also treated extensively with both DNase and RNase 
None of these treatments had any effect on the membrane activity. 
Chloroform extraction of the membranes removed approximately 
50 percent of their activity. Digestion with trypsin or 
pronase also destroyed 50 or more percent of the original 
activity. a-amylase had no effect on the membrane activity, 
however, neuradminidase, also known as sialidase, which re-
leases terminal sialic acid residues, did appear to remove some 
of the aggregation inhibition activity of the aggregation 
phase membranes. 
Cell viability during and after membrane treatment 
Simple visual observation established that slow morphogenetic 
changes were occurring in cells plated with borderline concen-
trations of membrane even after 40 hours of incubation. To dem-
onstrate that membranes did not affect cell viability, treated 
cells which had been harvested from filters after incubation with 
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TABLE I 
Effect of Cheillical Treatments on the Biological 
Activity of Aggregation Phase Membranes 
Treatment 
No treatment 
Added ca* 
Added Mg-H-
DNase 
RNase 
Chlorcform extraction 
Trypsi;i 
Pronase 
a-Amylase 
Neurominidase (sialidase) 
Highest Membrane Dilution 
Allowing Complete Inhibition of 
Aggregation in Vegetative Cells 
1:5 
1:5 
1:5 
1:5 
1:5 
1:2 
full strength 
full strength 
1:5 
1:3 
A membrane preparation at 1.6 mg/ml was divided into 
aliquots and treated as indicated. After autoclaving each 
sample was diluted and plates were made at full strength and 
at dilutions of 1:2, 1:3, 1:5, 1:8. Plates were scored for 
the presence or absence of aggregates after 26 hours. Details 
of the enzyme treatments are provided in the Methods section. 
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membranes for up to 30 hours were washed several times in a 
high salt solution (O.lM EDTA, 2M NaCl) and replated. It was 
not possible to achieve a clean separation of cells from mem-
branes, however a large fraction of the added membranes was re-
moved after three washes under these conditions. After washing, 
subsequent development of the replated cells was observed, 
although it occurred extremely slowly and very small aggregates 
and fruiting bodies were formed. The fact that any development 
occurred in these experiments indicates that the cells had re-
mained viable during membrane treatment in the absence of visible 
morphoge~1esis for periods of at least 30 hours. To provide 
further ~vidence of cell viability under these conditions, nor-
mal and membrane treated cells were pulse-labeled with s35 
methionine for two hours at varying intervals after plating. 
The results in Table II show that incorporation of labeled 
amino acid into TCA precipitable material, occurs at a constant 
rate for thirty-six hours after plating. ·The total amount of 
incorporation is only about ten percent of that found in un-
treated cells early in development. This difference appeared 
to be due to decreased uptake of label by the cells in the 
presence of membranes rather than to a decreased rate of pro-
tein synthesis. However difficulties in cleanly separating cells 
from added membranes after plating, and the known "stickiness" of 
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TABLE II 
I t . i: s35 M h. . . TCA P ' . bl ncorpora ion (l.L - et ionine into rec1pita e 
Material During Slime Mold Development 
Time of Labeling 
After Beginning of 
Developmertt 
0-2 
6-8 
14-16 
22-24 
34-36 
cpm 
per 
Incorporatec! 
2 x 107 Cells 
1.05 x 106 
1.2 x 106 
1.0 x 106 
7 x 105 
cpm Incorporated 
per 2 x 107 Membrane 
Treated Cells 
1.3 x 105 
1.9 x 105 
1.5 x 105 
1.5 x 105 
1.4 x 105 
Cells (with or without membran~s) were labeled by trans-
ferring half filters supporting cells at .the required stage 
of development to barely saturated pads on which 75 µCi of 
s35-Methionine (New England Nuclear) had just been deposited. 
After two hours the cells were harvested by washing them from 
the filter, pelleted and then lysed in 1% SDS. A small ali-
quot was precipitated with 5% TCA, filtered and counted. 
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membranes prevent a firm conclusion as to interference with amino 
acid uptake. 
Assay of membrane activity with developing cells 
All the experiments described above involved mixing vege-
tative cells (O hours of developnent) with membranes. To 
further investigate the membrane effect, membranes were also 
tested with cells at various stages of development. Cells were 
allowed to develop normally for varying lengths of ~ ime. They 
. were then harvested, washed, resuspended and immediately mixed 
with aggregation phase membranes and replated. Control cells 
harvested and then replated in the absence of membranes quickly 
recapitulate their previous morphological development after a 
short lag (Newell, 1971; Newell et al., 1971). Figure 7 shows 
the results of an experiment using cells harvested O, 3, 6, 9 
and 12 hours after plating and then replated with autoclaved 
aggregation phase membranes. ~nen 3 and 6 hour cells were in-
volved (i.e., cells harvested after the indicated number of 
hours of normal development), the wembranes proved just as 
effective as in the case of 0 hour (vegetative) cells. No dif-
ferences in the concentration of membranes that was required to 
block development or in the degree of delay of aggregation was 
noted. However when 9 or 12 hour cells were used, exogenously 
added membranes, even at the highest concentrations obtainable, 
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Figure J_. Morphology of Dictyostelium discoideum during 
development with and without membranes. 
Developmental stages: 
0-6 hours - individual cells, seen .as a flat 
lawn, preparing for aggregation. 
6-10 - rippled lawn followed by formation of 
discrete aggregates. Increasing number of 
cell-cell contacts being formed. 
10-13 - complete aggregate formation. Cell 
sorting. 
16-20 - Mexican hat stag .~. Cell reassortment. 
20-26 fruiting body construction and matura-
tion. 
Cells were allowed to proceed through normal develop-
ment to the indicated stage. They were then harvested 
and pipetted up and down vigorously several times to 
yield a population of single cells. Cells were then 
mixed with membranes and replated. Their subsequent 
development, as well as development of control cells, 
is depicted above. 
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proved incapable of blocking aggregation of the cells. 
These results imply that once cells have proceeded normally 
through the first 8-9 hours of development, they become impervious 
to the action of the membranes. However the experiment is marred 
by the fact that 8-9 hours of development coincides with time 
at which cell-cell contacts are normally formed during develop-
ment. The results described above might therefore have been 
due to some kind of disruption or alteration of the membrane 
receptor sites during the harvesting procedure when the naturally 
formed cell-cell contacts are broken. The following experiment 
was designed to avoid this drawback. Gerisch (1968) has pre-
viously shown that cells grown on bacteria in suspension cul-
tures undergo changes in their ability to aggregate while main-
tained by agitation in a unicellular state. Specifically, if 
such cells are harvested and plated eight hours after the ex-
haustion of the bacterial food source, they can begin to aggre-
gate almost immediately. Gerisch has cailed this state aggreg-
gation competence. Accordingly, the axenic cells used in these 
experiments, were harvested from growth medium, washed twice 
and resuspended in growth flasks containing sterile PDF. After 
9 hours on the shaker, the cells were harvested and plated. 
Under these conditions, the cells showed signs of aggregation in 
2 hours and formed mature rounded aggregates in 3 hours. Thus 
69 
with respect to their ability to form aggregates, such cells 
are equivalent to cells harvested after 9 hours of development 
on filters, except that no cell contacts are formed when the 
cells are suspended in PDF and continuously agitated on the 
shaker. Consequently, no cell contacts need be disrupted when 
the cells are harvested and mixed with membranes. 
When aggregation competent cells are harvested and mixed 
with aggregation phase membranes, the results confirm the 
earlier experiment. Membranes at conc~ntrations up to 1.5 mg/plate 
are unable to prevent subsequent aggregation and development of 
the cells, although aggregation is delayed by 1-12 hours de-
pending on the membrane concentration. 
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DISCUSSION 
Cells surface factors responsible for the formation of inter-
cellular contacts have been the object of study in many biologi-
cal systems (Htnnphreys, 1965; Metz et al., 1964; Garber and 
Moscona, 1972) although in most cases l~ttle more than a basic 
description of the physical and chemical properties of the 
factors has been presented. Most of the theories which have 
been proposed to explain the data, have visualized the cell-cell 
contact as involving a chemical reaction between a cell surface 
antigen on one cell and a specific receptor site on another 
cells (Tyler, 1942; Weiss, 1947). Variations of this idea 
depict the contact as being formed by a ligand molecule which 
attaches to cellular receptor sites at each end (Moscona, 1968). 
Virtually all are in agreement that the formation of intercellu-
lar contacts requires chemical structures which are to be 
found on the cell membrane. 
The development of the cellular slime mold involves a well-
defined transition from a unicellular to a multicellular mode 
of existence. It is therefore reasonable to expect that at the 
outset of development the cell membrane must either already 
possess (in an unexposed configuration) or must develop the abil-
ity to form specific cell-cell contacts. Immunological studies 
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(Scnneborn et al., 1964; Beug et al., 1970) have demonstrated 
tba existence of a new antigenic determinant which increases 
rz?idly in the first twelve hours of development. Immunologically 
blocking this antigen inhibited cell contact formation without 
affecting chemotaxis. However these indirect studies do not 
elucidate the role such cell surface factors play in the normal 
exchange of information between cells. 
The goal of the present studies was to investigate the cell 
surface factors directly, and to analyze their biological activity 
by examining a process, namely aggregation, which is a well de-
fi.:led crucial step in normal developmer,.t. To do so, plasma 
me:n.branes had to be isolated in a relatively pure and active 
co~dition. The specific gravity of the membranes isolated on 
sucrose gradients in these experiments is characteristic of 
m€:ll.brane material (Steck and Wallach, 1970). Further, electron 
microscopy reveals the absence of any recognizable subcellular 
organelle other than possibly lysozomes in the final preparation. 
Tba presence of 15-20 protein bands and 2-3 glycoprotein bands 
on SDS gels is typical of animal membranes (Guidotti, 1972), 
although considerably more complex than amoebae membranes (Korn 
an~ Wright, 1973). Finally, chemical and enzymatic treatments 
rezeal that the biological activity of the membranes used in 
th~se experiments does not involve nucleic acids or divalent 
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cations. On the other hand, certain enzymatic treatments af-
fecting protein, carbohydrate and lipid noieities do inhibit 
biological activity, as might be expected of a membrane compo-
nent . 
The ability of this membrane preparation to inhibit aggre-
gation in developing cells is not the result of a simple physi-
cal blockage of the cell surface factors. When plated in a 
very viscous mixture of cells and HeLa meBbranes, Dictyostelium 
cells demonstrate a startling capacity to crawl through the 
membranous mass and form nearly normal aggregates, excluding 
the extraneous material. Similarly, autoclaved vegetative 
membranes at extremely high concentrations do not inhibit 
normal aggregate formation. 
Neither are the chemotactic events of normal aggregation 
inhibited. Slime mold cells are known to aggregate in response 
to a gradient of cyclic A}fP (Bonner, 1969). If normal chemo-
taxis is disrupted by added ~embranes, one would expect cells 
which are dissociated and replated with membranes after nine 
hours of normal development to be unable to reaggregate. In-
stead, the results show normal aggregation on the part of such 
populations at high membrane concentrations . 
Visual observations of morphogenetic events and measure-
ments of the rate of protein synthesis in cells plated with mem-
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branes indicate that addition of exogenous membrane does not 
impair cell viability. Difficulties in separating cells from 
membranes after plating, prevent a direct evaluation of the 
developmental capacity of the treated cells. However the small 
fraction of cells which can be recovered after repeated high 
salt washes of a cell-membrane mixture, is capable of eventually 
forming normal fruiting bodies. The available evidence thus 
strongly implies that cells remain fully viable and capable 
of differentiating when transferred to favorable conditions, for 
periods up to 30 hours, in the absence of both a food source 
and normal development. 
Removal of the food source appears to be the only necessary 
environmental condition for the acquisition of aggregation com-
petence. This state is here defined as the ability to aggre-
gate within 2 hours after plating. The necessity for any physi-
cal contact between cells or for gradients of cyclic AMP or any 
other substance is ruled out by the fact that cells acquire 
aggregation competence while suspended in PDF and continuously 
agitated in a manner which prevents intercellular contacts. 
Once cells have achieved aggregation competence they are im-
pervious to very high concentrations of aggregation membranes. 
Concentrations of active membranes which totally inhibit aggre-
gation of vegetative (O hour) cells for up to 36 hours, are only 
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capable of delaying the aggregation and subsequent development of 
aggregation competent cells. It is immaterial whether competence 
is achieved through the processes of normal development on a 
solid substratum or though 8-9 hours of agitation in a liquid 
non-nutritive medium. Therefore, the added membranes appear to 
block the series of biochemical events which normally produce 
a population of aggregation competent cells eight hours after 
plating. 
It is obviously of interest to learn the stage at which 
these events are blocked. One way to do this would be to plate 
vegetative cells with membranes and allow development for in-
creasing lengths of time. If the cells could then be removed 
from the membranes and replated, the length of time after re-
plating until aggregation would indicate how far the cells 
had progressed in the normal series of developmentally pro-
grammed events while in the presence of membranes. This im-
portant experiment must await a procedure· for cleanly separating 
cells from exogenous membranes. 
SDS gel analysis reveals that aggregation phase membranes 
differ from vegetative membranes in both protein and carbo-
hydrate composition, as would be expected of an organelle re-
quired to express developmentally controlled biochemical events. 
Further, aggregation phase membranes, prepared as described, have 
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the ability to prevent the events which normally result in aggre-
gate formation. The simplest inference from these data is that 
the isolated aggregation phase membranes display a new, or newly 
exposed chemical component which is capable of interacting with 
vegetative cells in such a way as to halt development. 
Vegetative membranes are also capable of inhibiting aggre-
gate formation, although differences in required concentration 
and in heat sensitivity indicate that they do so by a different 
nechanism from aggregation phase membr&nes. An attractive ex-
planation for this activity is that it is due to the presence 
of receptor sites for the aggregation factor(s) on the surface 
of vegetative cells (and therefore on the vegetative membranes). 
Vegetative membranes might then interfere with normal cell 
aggregation by simply interacting with the exposed antigens of 
aggregation competent cells. This would decrease the avail-
ability of cellular antigens for forming the necessary cell-
cell contacts. Suggestive experimental support for postulating 
that vegetative membranes carry such receptor sites is provided 
by the very fact that aggregation membranes interact with vege-
t ative cells. 
Interaction of aggregation phase membranes with the surface 
of cells which are in the first hour of development blocks the 
further development of these cells. The block occurs at a stage 
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which normally occurs sometime within the first eight hours 
of normal development. The molecular basis of the inter-
action and the means by which its inhibitory effect is ex-
erted, remain unknown. However experiments described in the 
following paper show that the ne~brane-cell interaction causes 
changes in the expression of sm:e aspects of the cell's de-
velopmental program. Thus this system may provide a tool for 
eventually understanding the molecular nature of these events. 
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II. EFFECTS OF DIFFERENTIATED 
MEMBRANES ON THE DEVELOPMENTAL 
PROGRAM OF THE CELLULAR SLI~ffi MOLD 
80 
INTRODUCTION 
In the preceding paper (Tuchman et al., 1973) we have 
described the preparation and properties of a partially puri-
fied plasma membrane fraction isolated from developing cells 
of the cellular slime mold Dictyostelium discoidetun. Aggre-
gation phase membranes were found to be capable of preventing 
the aggregation and subsequent development of vegetative cells 
when mixed with these and plated under normal conditions for 
slime mold development. However such membranes were found 
to be incapable of inhibiting the reaggregation of mechanically 
disrupte:d cells which had previously been allowed to proceed 
normally through the first 12 hours of the developmental 
cycle. Membranes prepared from vegetative cells also proved 
capable of inhibiting cell development. Unlike aggregation 
membranes, the activity of vegetative membranes was found to 
be sensitive to heat denaturation and req?ired significantly 
higher protein concentrations to yield complete inhibition. 
The results of several experiments indicate that the action of 
of aggregation phase membrane lies in blocking the biochemical 
events which result in the attainment of aggregation competence 
(Gerisch, 1968) and not in blocking the physical events in-
volved in the formation of the actual cell-cell contacts. Vege-
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tative membranes on the other hand apparently exert their 
effect through a direct competitio::: for the available cellular 
binding sites. 
It has been shown in many different biological systems 
that biochemical interactions on t~e outside of the cell sur-
f ace may affect, and in some cases direct events inside the 
cells (Anderson and Huebner, 1968; Lilien, 1969; Sutherland et 
al., 1965; Kohn and Fuchs, 1971). Of ten these interactions 
occur between molecules on the surface of neighboring cells 
and play a role in intercellular co::::iunication. As yet however 
the molecular mechanisms of such interactions and the ways 
in which a signal can be transmitted from the cell exterior 
to the nucleus and/ or cytoplasm rer:::ain unknm·m. 
In this paper we describe experiment·s designed to shed 
light on the effect of membrane treatment on some of the bio-
chemical events which make up what is known of the slime mold 
developmental program. The most thoroughly investigated as-
pect of this program is the pattern of induced enzyme synthe-
sis. The induction, synthesis, and subsequent disappearance 
of nearly twenty so-called develop=entally controlled en-
zymes have been studied (Sussman and Sussman, 1969; Newell, 
1971, for review). Six enzymes frc= among this group are in-
vestigated in this paper. They cover the temporal range from 
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the enzyme induced earliest in development (N-acetyl gluco-
saminidase) to the latest (alkaline phosphatase, isozyme II) 
of the newly synthesized enzymes. One of them, UDPG, pyrophos-
phorylase is involved in polysaccharide synthesis, while the 
others are thought to have a primarily catabolic function. The 
precise role of most of them in vivo is not known. Partially 
purified membranes isolated from aggregated cells of this 
species are shown to affect the induction of some of these 
enzymes in ways which may provide some clues to the mechanism 
of the cell-membrane interaction and the nature of the slime 
mold developmental program. 
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MATERIALS AKD METHODS 
Materials: 
p-nitro-phenylphosphate, p-nitro-phenyl S-D glucoside, 
p-nitro-phenyl-N acetyl-S D gluccsamine,a-ketoglutarate and 
pyridoxal phosphate were obtained from Sigma Chemical Co. 
Uridine diphosphoglucose, NA.DP and dinitrophenylhydrazine were 
from Calbiochem. Glucose G-P dehydrogenase and phosphogluco-
mutase were from Boeringer Mannheim. s35-methionine (NEG-009) 
100-150 Curies/mmole, 1 µCi/µl was obtained from New England 
Nuclear. 
Methods: 
Organism: Strain AX-3, an axeni~ haploid strain derived 
from the wild type NC-4 (Raper, 1935) was used throughout 
these experiments. Under our conditions, mature fruiting · 
bodies were formed in 26-27 hours. 
Growth and plating conditions and meobrane preparation 
were described previously (Tucbme:l et al., 1973). 
Enzyme assays: 
Cells were plated with and ~-ithout membranes and allowed 
to develop for varying times, after which they were harvested 
from the filter by washing with 3 ml of PDF (per liter: 0.111 g 
CaC1 2, 4.6g NaH2Po4 ·H2o, l.5lg Ka2HP04 , l.5g KCl and 0.61g 
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Mgso4 final pH 6.4) and immediately stored at -20°c. Cells 
were lysed by sonication for 30 seconds with a Bransor:. · sonifier 
equipped with a m.icrotip. Sar::ples harvested after 22 hours, 
were sonicated for two 30 second periods to allow for the in-
creased strength of the spore coat. Cells to be assayed for 
threonine deaminase were harvested and lysed in PDF containing 
20 µg/ml pyridoxal phosphate . 
N-acetylglucosaminidase was assayed according to the pro-
cedures of Loomis (1969b). Threonine Deaminase was assayed 
following Pong and Loom.is (1973). Tyrosine transaminase was 
assayed according to Pong and Loomis (1971). UDPG pyrophos-
phorylase was assayed according to Ashworth and Sussman (1967). 
S-glucosidase and alkaline phosphatase were assayed according 
to the procedures of Coston and Loomis (1969) and Loomis 
(1969a). In all cases membranes plated alone were also har-
vested and assayed for activity. If any activity was found, 
it remained constant throughout the plating period and was sub-
tracted from the final activity of the cells plus membranes. 
Likewise membrane protein remained constant and was subtracted 
from the cell plus membrane total. Protein was measured by 
the method of Lowry et al. (1951). A unit of enzyme activity 
is defined as that amount which will liberate 1 nmole of product 
per minute. Specific activity is defined as units per mg protein. 
85 
Enzyme localization: 
Cells were harvested after 16 or 24 hours of develop-
ment. They were pelleted and resuspended in 1 ml of 0.02M 
Tris pH 8.0 (or Tris containing 20 µg/ml pyridoxal phosphate 
in the case of threonine deaninase) and frozen and stored in 
liquid nitrogen. After quick thawing, they were layered onto 
12 ml discontinuous sucrose gradients (6 ml l.5M sucrose, 
0.02M Tris pH 8.0 under 6 ml 0.2M sucrose, 0.02M Tris) and 
spun to equilibrium for at least eight hours in an SW 41 
0 Spinco rotor at 28,000 rpm and 4 C. The gradients were 
fractionated by pumping from the bottom and enzyme activity 
was immediately assayed in aliquots of the fractions. 
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RESULTS 
Changes in enzyme activities: 
The normal developmental time course of N-acetylgluco-
saminidase activity is shown in Figure 1. There is a 2-3 fold 
increase in activity in the first 15 huurs of development . The 
level of initial (O hours) activity and the amount of increase 
depends on the concentration at which cells are harvested 
from the growth medium, and on the composition of the medium 
(Quance and Ashworth, 1972). When cells are plated with aggre-
gation phase membranes, there is a very rapid decrease in the 
level of enzyme activity in the first three hours after plating . 
Thereafter the enzyme activity remains constant. There is no 
decrease in the specific _activity of N-acetylglucosaminidase 
at 24 hours after plating as is found in untreated cells. 
Figure 2 shows the very different effect of membrane treat-
ment on threonine deaminase. In normal cells the enzyme dis-
plays a 3-5 fold increase in specific activity followed by a 
decrease to approximately 60 percent of peak activity . In 
membrane treated cells on the other hand, the enzyme activity 
rises steadily throughout the period tested. The initial in-
crease in activity parallels that fotmd in untreated cells. 
Figures 3 and 4 depict the normal and membrane-treated 
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Figure ..!_. N-acetylglucosaminidase activity in normal 
and membrane treated cells. 
Cells were plated with and without added membranes 
and were harvested and assayed at intervals as described 
in Methods. Membranes plated alone were also assayed 
and the activity subtracted from the total of cells 
and membranes. 
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Figure ~· Threonine Deaminase activity in normal 
and membrane treated cells . 
Cells were plated with and without added mem-
branes and were harvested and assayed at intervals 
as described in Methods. Membranes plated alone 
were also assayed and the activity subtracted from 
the total of cells and membranes. 
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activities of two other developmentally controlled enzymes. 
Tyrosine transaminase normally unde=goes a two fold increase 
in activity, reaching a maximum after eighteen hours of devel-
opment. The activity then drops to less than its 0 hour level 
during culmination. In membrane treated cells there are no 
such changes. There is an initial cecrease in activity which 
thereafter remains constant. Similarly, there are no changes 
in the activity of UDPG pyrophosphorylase in membrane treated 
cells. The very large increase (about 15 fold) and subsequent 
decrease seen in untreated cells are absent, and the activity 
remains constant at its 0 hour level. 
The situation in membrane treated cells in the case of B-
glucosidase, depicted in Figure 5, is similar to tyrosine trans-
aminase and N-acetyl glucosaminidase. The normal activity 
profile represents the composite activities of two isozymes, 
of which only the second is considered to be an integral feature 
of the developmental program (Coston and Loomis, 1969). There is 
no indication of the induction of this second isozyme in mem-
brane treated cells. Rather the first isozyme decreases gradually 
over the first 15 hours of develop~ent, after which the measurable 
activity remains constant. 
Another developmentally controlled enzyme whose activity is 
composed of two isozymes is shown in Figure 6. Alkaline phos-
Figure l· Tyrosine transaminase activity in normal 
and membrane treated cells. 
Cells were plated with and without added mem-
branes and were harvested and assayed at intervals 
as described in Methods. Membranes plated alone 
were also assayed and the activity subtracted from 
the total of cells and membranes. 
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Figure ~· UDPG pyrophosphorylase activity in normal 
and meflbrane treated cells. 
Cells were plated with and without added mem-
branes and were harvested and assayed at intervals 
as described in Methods. Membranes plated alone 
were also assayed and the activity subtracted from 
the total of cells and membranes. 
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Figure ~· S-glucosidase activity in normal and mem-
brane treated cells. 
Cells were plated ~-ith and without added mem-
branes and were harvested and assayed at intervals 
as described in Methods. Membranes plated alone 
were also assayed and the activity subtracted from 
the total of cells and nembranes. 
0 normal cells 
~ membrane treated cells 
c:: 
Cl) 
-0 
b. 
0... 
Q) 
u 
01 
E 
........ 
(f) 
-
97 
{3- GLUCOSI DASE 
20 0 
5 
O.__~~..__~~-'--~~-'--~~_.__~~_.__~~....__~~--'--J 
0 6 12 18 30 36 42 
Hours 
98 
phatase isozyme II normally pe~l:s at 26-28 hours after initiation 
of develop~ent. The peak activity attai=.ed is approximately 35 
units/mg protein. Eowever in me:rbrane t r eated cells, the en-
zyme reaches a peak activity of ~early / _ units/mg . This maxi-
mum is reached at a:iout 18 hours after plating or 10-12 hours 
before nornal cells . 
Intracellular local ization of de·;·:lopme:::tally controlled enzymes: 
The intracellular localizat~ on of several enzymes was in-
vestigated by gently breaking t t e cells in the absence of 
detergent and spinning the resulting extract on a discontinu-
ous sucrose gradient. It has bee~ previ ously demonstrated that 
such gradients produce a turbid ":and ben;een the heavy and ligh ... 
sucrose solutions which contains a high proportion of membrane 
vesicles of two size classes, wh~ ch are thought to be plasma 
membrane possibly contaminated by lysozy:::es (Tuchman et al . , 
1973) . No other recognizable ce:lular organelles are found at 
the interface or in the supernat cn t . Nuclei, ribosomes and mito-
chondria are found in the pellet. Figure 7 shows that nearly 70 
percent of the total alkaline ph~sphatase activity found in 24 
hour cells is localized in the De:nbrane f raction, whereas in 
vegetative cell extracts only half that anount is found in this 
fraction . If the last five frac:ions are taken to represent 
the soluble, supernatant compone~t, 20 percent of the activity 
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Figure .§_. Alkaline phosphatase activity in no~illal 
and membrane treated cells. 
Cells were plated with and without added mem-
branes and were harvested and assayed at intervals 
as described in Hethods . Membranes plated alone 
were also assayed and the activity subtracted from the 
total of cells and membranes . 
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Figure Z.· Intracellular distribution of some 
developmentally controlled enzymes. 
Cells lysed by freeze-thaw in liquid nitrogen 
were layered onto discontinuous sucrose gradients 
and spun to equilibrium. The gradients were 
fractionated and enzyme activities assayed in ali-
quots of the fractions. 
0 alkaline phosphatase activity in 24 hour 
cells 
(J alkaline phosphatase activity in vegeta-
tive cells 
@ S-glucosidase activity in 24 hour cells 
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found during development is soluble, while 40-45 percent is 
soluble in vegetative cells. 
Beta-glucosidase, isozyme II, after 24 hours of development 
is seen to be 70 percent soluble. Approximately 20 percent is 
found in the membrane fraction (Fig. 7). N-acetylglucosaminidase 
shows an intermediate distribution (Fig. 8): approximately 45% 
is soluble while 35% can be clearly defined as membrane-associated. 
The distribution of threonine deaminase (Fig. 8), is more com-
plicated. Approxinately 20 percent of the activity is found in 
fractions denser than membrane, 45 percent is found in the mem-
brane band, and 20 percent is soluble. 
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Figure ~· Intracellular distribution of some 
developmentally controlled enzymes. 
Cells lysed by freeze-thaw in liquid nitrogen 
were layered onto discontinuous sucrose gradients 
and spun to equilibrium. The gradients were frac-
tionated and enzy:::.e activities assayed in aliquots 
of the fractions. 
0 N-acetylglucosaninidase activity in 16 hour 
cells 
® Threonine deaminase activity in 16 hour cells 
105 
106 
DISCUSSION 
Those enzymes which are currently considered to be develop-
mentally controlled have been shown to satisfy some or all of 
the following criteria . 
(1) The increase , and in some cases the subsequent de-
crease in enzyme activity depends on concomitant protein synthe-
sis (Sussman and Sussman, 1969; Franke and Sussman, 1971) . 
Early experiments using the inhibitor actinomycin D indicated 
that the necessary RNA synthesis preceded protein synthesis, and 
that translational control was therefore required. However 
more recent work (Firtel et al., 1973) indicates that these re-
sults may have been misleading and that regulation is exercised 
at the level of gene transcription. 
(2) Enzyme induction is generally not found in morphological 
mutants whose development is blocked at a stage before the en-
zyme normally appears, but usually is found in mutants blocked 
at a later morphological stage than that associated with normal 
enzyme synthesis (Loomis, 1969b; Coston and Loomis, 1969). 
There are however exceptions to this rule, particularly in the 
case of aggregation minus mutants (Pong and Loomis, 1971, 1973). 
(3) The sequence of induction of the known developmentally 
controlled enzymes is altered in both morphological and temporally 
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deranged mutants (Sonneborn et al., 1963; Loomis, 1971). 
All these data have contributed to the notion that such 
enzymes are developmentally controlled, and that together with 
other biochemical events, they constitute a developmental pro-
gram which is read off in a linear, sequential manner and pri-
marily controlled at the level of transcription. 
The experiments described in this paper , together with 
those of others, point to two general conclusions which indicate 
that this conception of developmental control may be misleading. 
First, they indicate that there are important differences in 
control among the enzymes which satisfy the criteria for devel-
opmenta: ly controlled synthesis. Secondly, they imply that the 
formaticn and maintenance of specific cell-cell contacts play 
a crucial role in the control of slime mold development. 
Specifically, the membranes have been shown to be capable of 
three kinds of effects on enzyme activity. They can induce, 
repress, or leave unchanged the activity of a given develop-
mentally controlled enzyme, but in no case can the effect be 
simply analyzed in terms of the enzyme's normal time of induction 
in the developmental sequence. 
N-acetyl glucosaminidase was originally thought to be a 
true developmentally controlled enzyme, but recent experiments of 
Ashworth and co-workers (Quance and Ashworth, 1973; Ashworth and 
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Quance , 1972) have indicated that this may not be the case . 
Ashworth has postulated (Ashworth and Quance, 1972) that the 
developmentally controlled event is not the synthesis but rather 
the excretion of this enzyme . Normal axenic cells show a de-
crease in N-acetyl glucosaminidase activity beginning at about 
the time of aggregation, while membrane treated cells show a 
rapid drop in activity innnediately after plating. It is pos-
sible that the excretion of this enzyme is coordinated with 
aggregation and that the interaction of cells with aggregation 
phase membranes mimics this event. However conclusions drawn 
from the study of this enzyme are weak, since the available 
evidence is equivocal as to whether it is or is not a bona fide 
developmentally controlled enzyme . 
The normal developmentally controlled increase in the activity 
of threonine deaminase precedes aggregation, and does not appear 
to be linked to it in any way, as the enzyme accumulates nor-
mally in two mutants (206 , VA-4) which fail to aggregate (Pong 
and Loomis , 1973) . However another aggregationless mutant, DA-2, 
which is blocked at an earlier stage (Pong and Loomis , 1973) does 
not accumulate any enzyme. This may indicate that the event(s) 
which control the synthesis of threonine deaminase follow the 
stage at which DA-2 is blocked, but precede that at which VA-4 and 
206 are blocked. Membrane treated cells show an increase in 
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threonine deaminase activity which closely parallels normal cell 
synthesis for the fitst 12 hours of development. The block in 
the events leading to aggregation competence in membrane treated 
cells would therefore appear to occur after the block in DA-2 
and before the block in VA-4. Membrane treated cells continue 
to accumulate threonine deaminase activity for up to 36 hours. 
Normal cells show a decrease in activity beginning at about 15 
hours, and morphological mutants, blocked later than aggregation, 
accumulate the enzyme and show neithe~ an increase nor a de-
crease but rather a constant level of activity after 15-16 
hours. Thus the normal pattern of activity is dependent on com-
plex regulation and is difficult to i.nalyze. It does seem to 
require the correct execution of even.ts which normally occur 
at approximately 15-16 hours of development. These events are 
not carried out in membrane treated cells. 
The enzyme activity profiles of S-glucosidase in morphologi-
cal mutants indicate that some further development after aggre-
gation is required for induction of the second isozyme. No .in-
crease in the activity of this isozyme is found in membrane 
treated cells. On the other hand, the increase in the first iso-
zyme in normal cells precedes aggregation and is independent of 
it. The decrease of isozyme I coincides with normal aggrega-
tion in axenic cells, but is probably also independent of it, 
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since a decrease is found in the aggregation minus mutant VA-4. 
Thus there is no simple exp l anation for the initial decrease in 
activity both of S-glucosidase (isozyme I) and of tyrosine 
transaminase in membrane treated cells. It is of interest in 
this respect that Coston and Loomis (1969) found a similar dip 
in 2-glucosidase activity af t er replating normal cells, har-
vested at 18 hours of develo~~ent . The decrease occurred in 
untreated cells, and was even more pronounced in cells which 
were prevented from reaggregating by the presence of a high 
concentration of EDTA . This is not a general effect of such 
treatment, since alkaline phosphatase showed no transient de-
crease when assayed in the sa:.::e condi~ions . 
UDPG pyrophosphanylase is perhap:3 the most thoroughly 
studied enzyme in this organism. Its credentials as a develop-
mentally controlled enzyme hav e been established in a variety 
of ... .-ays (Ashworth and Sussm~, 1967 ; Newell and Sussman, 1970, 
1971; Newell et al. , 1971). However there is doubt as to the 
necessary role of this enzyr.:e in development. Evidence exists 
which indicates that the intracellular concentration of UDP glucose 
is controlled by other facto r s (Wright, 1968; Edmundson and 
Ash" orth, 1972) and cells treated with penicillin form only 
sli~2tly abnormal fruiting bcdies although they show no increase 
in tDPG pyrophorylase activity (Tuchman , unpublished data). 
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Membrane treated cells also show no increase in this enzyme, 
nor do they show the rapid initial decrease characteristic of 
several other of the enzymes tested. 
Certainly the most intriguing effect of aggregation mem-
branes on developing cells is that on alkaline phosphatase. The 
increase in activity , which normally reaches a maximum after 2-
hours of development, does occur in membrane treated cells, but 
the increase occurs approximate l y twelve hours earlier in the 
treated cells , and the enzyme r eaches approximately twice the 
normal activity. Interaction of aggregation phase membranes 
with developing cells might be expected to set in motion events 
closely linked to normal aggregation . However in a temporally 
controlled, linear developmental program alkaline phosphatase 
would seem to be the least likely candidate to be induced by 
membrane treatment since its normal induction is the most 
distantly removed from aggregation . Based on activities in 
morphological mutants blocked at different stages of development, 
Loomis (1969) concluded that the increase in alkaline phosphatase 
activity is dependent on the ability to culminate . However the 
increase occurs in membrane treated cells in the absence of any 
morphogenesis . In this case aggregation membranes can apparently 
act as a specific inducer of at least one unit of the developmental 
program . 
112 
The effect of membrane treatment on enzyme activity appears 
to be correlated with the intracellular localization of the af-
fected enzyme. Figure 7 demonstrates that vegetative cells con-
tai..~ approximately equal amounts of a membrane-associated and a 
soluble alkaline phosphatase activity, while the activity in 
developing cells is almost entirely membrane bound. These 
activities most likely correspond to the two isozymes of alkaline 
phosphatase described by Solomon et al. (1964). Threonine 
dea:::inase activity, also strongly affected by membrane treat-
ment, is likewise associated with membrane to a large degree. 
The nature of the activity which band,:; at a greater density 
tha:i. membrane is unknown. On the oth~r hand two enzymes that are 
al8ost unchanged by membrane treatment, B-glucosidase and UDPG 
pyrophosphorylase (data not shown) are found in the soluble 
region of the gradient. Finally, N-acetyl glucosaminidase shows 
an intermediate distribution. The activity which bands in the 
me~rane region may be due to contamination of this band with 
lysozomes (Ashworth and Quance, 1972). The reason for this ap-
parent correlation of membrane localization and sensitivity to 
the effects of aggregation phase membranes is not yet known, 
ho~~ver the coincidence appears to be beyond the realm of chance. 
In summary, aggregation phase membranes appear to be capable 
of influencing biochemical events inside Dictyostelium cells 
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through their interaction with the cell surface . The mem-
branes lead to the induction of son: developmentally controlled 
enzymes and the repression or excre : ion of others. Further, 
the distribution of affected and un~=fected enzymes bears no 
resemblance to the normal sequence c: enzyme induction. The 
only characteristic with which the =embrane effect can be 
linked appears to be the intracell~ lar localization of the 
affected enzyme. Although many ques:i ons remain to be answered, 
it can be said that isolated plasma =embranes, bearing an 
aggregation factor(s) are capable of affecting the normal devel-
opment of slime mold cells in highl: specific ways. Together 
with the previously reported effects of cell disaggregation 
experiments (Newell et al . , 1971; Gregg, 1971; Raper, 1940) 
these results point out the crucial r ole played by the forma-
tion and maintenance of cell-cell c c~tacts during normal devel-
opment . The results indicate that t~ere are some difficulties 
in the generally accepted view of t~e slime mold developmental 
program, and that there may be impor tant differences in the 
control of various developmentally controlled enzymes. Finally, 
it is shown that changes in the speci fic activity of some de-
velopmentally controlled enzymes may in certain conditions be 
wholly divorced from both morphogenesis and the normal sequence 
of induction. 
I I '-I 
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III. PREFERENTIAL SYNTHESIS OF 
ACTIN DURING EARLY DEVELOPMENT 
OF DICTYOSTELIUM DISCOIDEUM 
I 
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INTRODUCTION 
Upon removal of nutrients, the cellular slime mold 
Dictyostelium discoideum ceases to grow, and enters the de-
velopmental phase of its life cycle. The unicellular vege-
tative amoebae grow and divide by fission, are motile and 
chemotactic. During the non-dividing developmental phase, 
individual cells, and the organisms which they form by aggre-
gation, display a variety of new properties. They become 
sensitive to cyclic AMP and capable of forming gradients of 
this substance along which they are thought to aggregate 
(Bonner, 1971; Gerisch et al., 1972). They display new 
cell sur~:ace antigens and become capable of forming specific 
cell-cell contacts (Sonneborn et al., 1964; Beug et al., 
1970; Tuchman et al., 1973). After aggregating, they dis-
play elaborate cell sorting phenomena within each organism, 
and can regulate the proportions of the t~o new differentiating 
cell types, pre-spore and pre-stalk, regardless of the total 
number of cells in the organism (Bonner and Adams, 1958; 
Bonner, 1967; Gregg, 1965). The developing pseudop1asmodium 
is highly mobile; it is attracted towards light, humidity and 
higher temperature (Bonner et al., 1950; Bonner and Shaw, 
1957). The migrating slug is thought to move through a tube 
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of slime sheath, composed mainly of glycoprotein, which it 
continuously synthesL:es and leaves behind as it moves (Loomis, 
1972). The actual mechanism by which the organism moves 
relative to the sheath is unknown. Finally, the two distinct 
cell types mature, producing hard coated spores and large 
vacuolated stalk cells, and development ends with the forma-
tion of an erect fruiting body. 
Because of its relative simplicity, biochemical sophisti-
cation and ease of handling in the lab~ratory, Dictyostelium 
makes an attractive candidate for an intensive study of the 
molecular mechanisms controlling develupment in eucaryotes. 
With this in mind, we undertook a stuiy of the changes in pro-
tein synthesis during vegetative grow·1:h and throughout develop-
ment by pulse-labeling the cells and autoradiography of total 
cell protein on SDS-polyacrylamide gels. An unexpected divi-
dend of this work was the discovery that a single protein is 
synthesized in extremely large amounts during the early stages 
of development. In this paper we describe the patterns of 
protein synthesis during development and the purification and 
identification of the major component as slime mold actin. 
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MATERIALS AND METHODS 
Cells: 
The axenic haploid strain AX-3 derived from Raper's (1935) 
wild-type NC-4 was used . 
Growth and plating conditions: 
Cel ls were grown and harvested as described in Tuchman et 
al. (1973) . The harvested cell pellet was resuspended at a con-
centration of 1.5 x 108/ml and 0.33 ml of this was deposited 
onto a 47.Smm USO \.J'hatman filter saturated in PDF. The filter 
was supported on a Millipore pad also staurated in PDF. Cells 
were inc1bated in covered gl ass dishes, in direct light at 
22°c dur i ng the developmental phase . 
Labeling with s35- Methionine 
s35-Methionine (New England Nuclear NEG-009, 100 Ci/nnnole) 
was diluted in PDF to a concentration of 75 mCi/ml . 0.075 ml 
of the label was deposited on one-half of a Millipore pad barely 
saturated in PDF. Immediately after adding the label , one-half 
of a filter supporting cells at the desired stage of development 
was lifted from its pad, briefly touched to a dry pad, and trans-
ferred to the radioactive pad. After the desired interval, the 
labeled cells were washed off the filters in 3 ml of PDF and 
harvested by centrifugation. 
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SDS gel electrophoresis: 
SDS polyacryla~ide gels were prepared, electrophoreised 
and stained according to the method of Fairbanks et al. (1971). 
Samples were prepared for electrophoresis by boiling for 5 
minutes in an equal volume of buffer co~taining 2.5% SDS, 10% 
sucrose, lOmM Tris-HCl (pH 8), lmM EDTA (pH 8), 40mM Dithio-
threitol and 10 µg/ml Pyronin Y (tracking dye, obtained from 
Allied Chemical). Gels were run for 3-4 hours at 8 mamps/gel. 
The leading edge of the tracking dye was marked by pricking 
the gels with a needle dipped in India ink, to allow for 
accurate calculation of RF values. 
Gels were vertically sliced and <l~ied under vacuum for 
autoradiography. Developed films were scanned with a Joyce 
Loebl t:icrodensitometer. 
Actin Purification: 
Actin was prepared by a modification of the procedure of 
Spudich (1973, personal communication). 2-3 x 1010 vegetative 
cells "ere harvested in 0.2% NaCl and washed 3 times. The cell 
pellet was taken up in 900 ml cold acetone and stirred for 5 
hours at 4°c . The acetone extract was then filtered once 
through a conventional funnel by gravity and twice under pres-
sure through a Buchner funnel with a small pore filter. The 
retained material was washed several times with cold acetone. 
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The successive washings were accomplished by scraping the fil-
ters and transferring the cell mass to a new filter with a 
spatula. After the final wash, the filter was left to dry over-
night at room temperature. The dried extracts were ground in 
a mortar and pestle and left for one hour at room temperature. 
The powder was then taken up in 50 ml of Buffer A (lmM Dithio-
threitol, 5mM Tris-RCl, 0.5mM ATP, 0.2mM CaC12 final pH 8.0) 
and stirred in the cold for 3-4 hours. This extract was then 
centrifuged in a Sorvall SS-34 rotor at 10,000 rpm for 10 
minutes. The resulting supernatant was then made 0.05M in 
MgC12 anci. O.lM in KCl and stirred at room temperature for 2 
hours. This solution was centrifuged at 20,000 rpm for 30 
minutes in the Sorvall SS-34 rotor at 20°C. This procedure 
yielded a large loosely packed brown pellet over a small very 
hard, clear white pellet. The brown material was resuspended 
in 10 ml Buffer A and stirred overnight in the cold. The 
solution was centrifuged as before and the supernatant made 
O.lM KCl and 0.05M MgC12• After stirring at room temperature 
for 2 hours, the solution was centrifuged in a Spinco SW 50.1 
0 
rotor at 30,000 rpm for 30 minutes at 20 C. This yielded 
several milligrams of homogeneous, translucent whitish pellet. 
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Demonstration of actin polymerization in high salt: 
A small amount of the purified actin pellet was resuspended 
in Buffer A. After 2 hours of stirring in the cold, this was 
layered onto a 15-30% sucrose gradient containing 0.2IIll~ CaC12 
and O.OIM Tris pH 8.0. A second 15-30% gradient containing O.lM 
KCl was overlayed with actin which had been resuspended in O.lM 
KCl and stirred at ro·om temperature. The gradients were 
centrifuged at 48,000 rpm for 3 hours at 4°C in an SW 50.1 
Spinco rotor . The tubes were punctured from the bottom and 
collected in fractions . The optical density of each fraction 
at 280 r:.m was measured. 
Isolaticn of labeled actin from membranes: 
3.5 x 108 cells were plated and labeled for the first 
eight hours of development with a total of 700 µCi of s35-
Methionine. The labeled cells were harvested in O.OlM Tris 
HCl pH 6.5, centrifuged, resuspended in 1 ml of the same buffer, 
and frozen in liquid nitrogen. After thawing, the cell ex-
tracts were layered onto discontinuous sucrose gradients (8 ml 
of 0.2M sucrose, 0.02M Tris pH 8 over 8 ml l.5M sucrose, 0.02M 
Tris pH 8) and centrifuged to equilibrium in a Spinco SW 27 
0 
rotor at 25,000 rpm for 8 hours at 4 C. This procedure pro-
duces a turbid band composed of plasma membranes at the 0.2-l.5M 
sucrose interface (Tuchman et al., 1973). This band was re-
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moved by pipetting and found to contain a total of 1 x 108 
cpm. The isolated membrane material was diluted ten-fold 
with 0.02M Tris pH 8.0 and pelleted at 18,000 rpm for 40 
minutes in the SW 27 rotor. 90-95% of the counts are re-
covered in the pellet. 0.6 ml of a solution containing 
lmM Dithiothreitol, 5rru~ Tris-HCl, O.SmM ATP, 0.2M CaC1 2 
and 0.5% Cemusol (NP-40) pH 8.0, was added and the pellets 
were stirred in the cold. After 30 minutes this solution 
was layered on top of 5 ml of 7% sucrose and spun for 1 
0 hour at 35,000 rpm in an SW 50.1 rotor at 4 C. After 
centrifugation the top 1 ml of the tui'e was removed and 
tested for the presence of depolymeri:ed actin. 
124 
RESULTS 
Patterns of protein synthesis: 
Figure 1 shows the pattern of protein synthesis during 
slime mold development resolved on 5.5% SDS polyacrylamide 
gels. Each gel represents a two hour labeling period except 
the vegetative sample which was labeled for six hours or one-
half of one division time and the final sample which was 
labeled from 20-26 hours of development. The most dramatic dif-
ferences occur between the vegetative stage and the first two 
hours of development. Several new bands appear on the 0-2 
hour gel which are not resolved on the vegetative gel. It 
should b.: noted however that samples labeled during vegetative 
growth r1~gularly have a very high background on SDS gels. This 
implies that a very large number of proteins is being made, 
greater than the power of the gel to resolve. Nevertheless 
there are changes in the relative intensities of bands which 
have been marked in the Figure. Arrowheads on the left of a 
gel denote bands which are new at that position or increase 
markedly in intensity of the indicated time. Arrowtails on 
the right of a gel indicate the disappearance or sudden de-
crease in intensity of a given band. The first eight hours of 
development appears to be a time of fairly constant protein syn-
thesis. However there are changes apparent in the period from 
125 
Figure _!_. Chan ges i n the pa t terns of protein 
synthesis during Dict:;ostel:::..!::r:t growth and devel-
opment. 
Cells were pulse-labeled as described in 
Materials and E.ethods , harvested, lysed and electro-
phoresed on 5. 5 ~~ polya.cryla::: i de gels. The morpho-
logical stages corres?onding to the period of 
labeling are s h own sc:-:tematicclly below each gel. 
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eight to twelve hours. As indicated in the drawings below the 
gels, this corresponds to the period when a large number of cell 
contacts are first being made and cell aggregates are forming 
and maturing . The gels representing the period after 16 hours 
of development give a less accurate picture of actual events, 
because by this stage of development there are two distinct 
cell types in the organism and the gel sample contains a mix-
ture of both. In addition , as the cell mass rises off the sup-
porting surface the two cell types are unequally labeled . 
No one exposure time allows for optimal resolution of all 
bands. The gels shown were chosen as the best compromise, 
and cor sequently certain interesting facets of these gels are 
necessarily lost in this reproduction. For example, the more 
heavily exposed autoradiographs shown in Figure 2 reveal the 
presence of eight distinct and clearly resolved bands above 
the band marked A. These bands are present throughout develop-
ment, and each represents a protein of subunit molecular 
weight greater than 150,000. Different exposures reveal several 
bands of molecular weight between 10,000 and 20,000. There are 
changes in the pattern of these light proteins. However de-
tailed study of this range of molecular weights requires reso-
lution on gels of higher percent acrylamide. 
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Figure~· High molecular weight region of 5.5% gel. 
A photographic magnification of the high 
molecular weight bands seen on an autoradiograph 
of a 5.5% polyacrylamide gel. The gel samples 
were labeled from 0-2, and, 4-6 hours. 
129 
130 
Quantitation of band intensity: 
Lightly exposed autoradiographs were scanned in a micro-
densitometer. Two representative profiles are shown in Figure 
3. A curved background line was drawn as shown in the figure 
and the extent of the major band (Band B; RF 0.55) was marked. 
The profiles were then xeroxed and the resulting profiles 
were carefully cut out and weighed. 
Band B was found to constitute 22% of the total intensity 
on the 0-2 hour gel. Between four and six hours of development 
this dropped to 18%. Between eight and ten hours the figure 
was 9 percent and this fell to 4% in the 14-16 hours period. 
Purific~tion of slime mold actin: 
Th·~ molecular weight of the heavily labeled band, 47 ,000, 
led us to speculate as to whether it might be slime mold actin. 
Consequently we attempted to purify actin according to a known 
procedure and compare the properties of the isolated protein 
to that of the protein made in large amounts during early de-
velopment. 
Spudich (1973) and Woolley (1972) have shown that vegetative 
slime mold cells contain actin. Following a modification of 
Spudich's procedure, actin was purified from an acetone extract 
of vegetative cells. After extraction the dried and powdered 
extract was stirred with ATP in the presence of low salt (Buffer 
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Figure l_. Profiles of Autoradiographed SDS Gel 
from Different Stages of Development. 
Exposed autoradiograp~s of polyacrylamide 
gels were scanned on a microdensitometer. The 
curved line represents the approxinate background 
that was assumed for purposes of quantitation. 
A. ) Sample labeled from 0-2 hours of devel-
opment. 
B.) Sample labeled from 14-16 hours of 
development. 
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A) in the cold. These conditions lead to the depolymerization 
of actin filaments in~o monomeric subunits. The solution is 
then centrifuged to remove insoluble material. The actin in 
the supernatant is then repolymerized by the addition of MgC12 
and KCl and is transferred to room temperature. A second 
centrifugation then should yield pure actin filaments in the 
polymerized state. In our hands, it was found necessary to 
repeat the low salt extraction and the succeeding steps in 
order to obtain a relatively pure product. 
Figure 4 shows the final product of an SDS polyacrylamide 
gel sta:Lr.ed with Coomassie blue. Approximately 90% of the 
materia:·. on the gel is found in a band which runs at an RF of 
O. 55. 1.'he molecular weight of this band was calculated from 
a logarithmic plot of the standards as shown in Figure 5 and 
estimated to be 47,000. A minor band of molecular weight 
35,000-36,000 is also present. It is not known whether this 
represents a contaminant or a degradation product of the 
heavier band. The gels in Figure 4 demonstrate that the puri-
fied actin co-electrophoreses with Band B both in autoradio-
graphs and on stained gels of vegetative and developing cells. 
In addition it should be noted that this protein is found ex-
clusively in the membrane fraction of labeled cells. 
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Figure !!_. SDS polyacrylamide gels of various 
Dictyostelium sc:=ples. 
A.) Autoradiograph of 0-2 hour labeled sample. 
B.) Coomassie Blue stain of Dictvcstelium mem-
brane fraction from developing cells. 
C.) Coomassie Blue stain of purified Dictyo-
stelium. 
D.) Autoradiograph of 0-6 hour labeled mem-
brane fraction. 
E.) Autoradiograph of 0-6 hour labeled super-
natant fraction. 
135 
• 
A B c D E 
136 
Figure 2_. Molecular weight calculation of SDS gels. 
Determination of molecular weight of Dictyostelilllll 
actin on a linear-logarithmic plot of several protein 
st~ndards, on 5.5% SDS polyacrylamide gels. 
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It has been shown frequently that actin subunits will 
polymerize upon the addition of O. lM KCl to large polymers with 
reported s20 ,w values of 25-30 (Woolley, 1972; Adelman and 
Taylor, 1969; Ratana et al . , 1967). When layered onto 15-30% 
sucrose gradients, with and without the addition of O.lM 
KCl, the presumptive slime mold actin behaved similarly (Fig. 6). 
An aliquot stirred in the cold .in low salt and the presence 
of ATP behaved as a low molecular weight, soluble species on 
the gradient, whereas the same materi&l, allowed to sit at 
room temperature for 15 minutes in O.lM KCl, sedimented in 
the region of s20 ,w30. 
The purified, unlabeled actin w:s then compared to the 
highly labeled material synthesized by cells in early develop-
ment. Since earlier experiments (Fig. 4) demonstrated that 
Band B was found only in the membrane fraction, we attempted 
to purify it from highly labeled membranes. A highly labeled 
membrane pellet was therefore stirred in Buffer A with the 
addition of non-ionic detergent which was found to be necessary 
for the release of radioactivity into the supernatant. In the 
absence of detergent, 0.1 percent of the counts in the membrane 
pellet were released after 5 hours of stirring in the cold. 
Thirty minutes after addition of the detergent 10 percent of 
the total counts had been released. After an additional ninety 
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minutes, a total of 40 percent of the original radioactive 
material had been released . 
Figure 7 demonstrates that the in vivo labeled material 
exactly parallels the purified actin on sucrose gradients, 
with and without added KCl . The unlabeled material in Figure 
7 was stirred in depolymerizing conditions for only thirty 
minutes before being layered on the gradient . This is reflected 
in the small peak of residual heavy material near the bottom 
of this gradient . 
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Figure ~· Slime mold actin on 15-30% sucrose 
gradients. 
Purified Dictyostelium actin was stirred in de-
polymerizing conditions, as described in Methods. 
One aliquot was layered directly onto a sucrose 
gradient and a second aliquot was made O.lM in KCl 
before layering. Gradients were centrifuged for 3 
hours at 48,000 rpm. 
@ optical density pr ofile of actin in 
depolymerizing conditions. 
0 optical density profile of actin in 
polymerizing conditions, containing O.lM KCl. 
The arrows indicate the position of co-
sedimented P32-labeled F.eLa cell RNA. 
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Figure ]_. Behavior of highly labeled membrane bound 
material on sucrose gradients. 
Purified slime mold membranes were treated so 
a£ to release actin into the supernatant as described 
in Methods. Aliquots of the released material was 
mixed with purified slime mold actin and treated as 
described in the legend to Figure 5. 
A. Depolymerizing conditions: optical 
density of purified actin; radioactivity of 
released membrane associated material. 
B. Polymerizing conditions: 
c.ensity of purified act in; 
released membrane bound material. 
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DISCUSSION 
Pulse-labeling of slime mold ce:ls duri~5 growth and devel-
opment reveals several interesting as?ects oi overall protein 
synthesis, at the different stages. Vegetat:.7e cells, whether 
labeled for a two hour pulse, for hal : of one division time , or 
for two full generations, demonstrate a high Jackground on gels 
of various percent acrylamide (Fig. l and un~ ~b lished observa-
tions). Gels of developing samples show many clearly r esolved 
bands against a much lower background. This :.ndicates that 
vegetative cells probably synthesize a much l arger number of 
proteins than do developing cells. J>._11 alten:ative explanation 
is that the total number of proteins ~ade in t he two cell 
types is approximately the same, but that in developing cells 
30-40 proteins are made in significa~tly grea t er amounts than 
all the others. Since gel samples are equalized as to counts, 
this situation would give the appeara...'lce of a lower background 
in the developing cell samples. 
Thirty to forty bands can be distinguis~ed on a cyclindrical 
SDS polyacrylamide gel, although cell s are certainly synthe-
sizing a good many more proteins than this at any one time . 
Therefore the bands resolved on a gel reveal on ly the major pro-
tein species in the sample. With this caveat in mind, it is of 
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interest to look at the periods of major change in protein syn-
thesis revealed on g2ls, and to reflect on what th~s implies 
of the general structure and timing of the developmental pro-
gram in Dictyosteliun. The gels reveal a large number of band 
differences between vegetative amoebae and 0-2 hour developing 
cells. Thereafter the pattern of protein synthesis remains 
virtually identical for the next six hours of development. 
Assuming that the pattern of protein synthesis reflects, at 
least partially, the outcome of a dev~lopmental program, one 
could conclude that removal of nutrients and plating on a 
solid substratum initiates a large n·1r.;ber of biochemical 
processes in slime mold cells, and t1at these events occupy 
the cells for the eight hours thereai:ter. Between eight and 
twelve hours, the time during which the cells actually change 
from a unicellular to a multicellular existence, another set 
of changes in protein synthesis occurs. After twelve hours 
there is no one period which can be singled out as a time of 
major change, although a ntnnber of changes can be identified. 
Gels of samples labeled in this later period may not accurately 
reflect major events which occur in only one of the two cell 
types which are present by this stage in development. 
The unusual number of extremely large proteins made in 
developing Dictyostelium cells is also worthy of note. At least 
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nine clearly resolved bands whose molecular ~eights exceed 
200,000 are synthesized throughout development. Since the 
background is much lower in this region of the gel, these 
bands may actually be present i~ nuch lower nolar amounts 
than those species in the 40,000-150,000 molecular weight 
region of the gel. 
The most outstanding feature of Dictyostelium protein 
synthesis as revealed on these gels is the finding that a 
single species of protein, Band B, rises from 4-6 percent of 
the total protein synthesis in vegetative cells to 22 percent 
during the first two hours of develop nent. This protein 
has been identified as slime mold actin by comparing its 
properties to those of purified actin. 
To do this, slime mold actin was first purified by a 
modification of a procedure previously developed for isolating 
this protein. The purified material was found to be approxi-
mately ninety percent pure on an SDS gel, and was estimated 
to be of 47,000 molecular weight (Fig. 4 & 5). This was in 
good agreement with the molecular weights reported for actin 
isolated from a variety of orga.::isms and tissues, including 
rabbit a~d chick muscle, a prit:.itive amoebae and the acellu-
lar slime mold Physarum polycep~alum all of which have been 
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reported to lie in t he range of 45,000-49,000 molecular weight 
(Korn and ~;right, 1973; Rees and Young, 1967; Adelllian and 
Taylor, 1969). Woolley (1972) h~s also purified Dictyostelium 
actin and reported a molecular weight of 48,000. The puri-
fied material was further identified as actin by its character-
istic behavior on addition of KCl to a solution of the protein 
subunits. As has been reported for the other actins mentioned 
above, the purified naterial moved from a soluble position of 
less than SS, to a sharp peak on a sucrose gradient of 25-30S 
upon addition of 0. 12,i KCl (Fig. 6) . 
The properties of the purified actin were then shown to 
parallel t hose of the highly labeled material . As shown in 
Fig. 4, the stained band runs with the same relative mobility 
as Band B on 5 . 5% polyacrylamide gels. Band B was shown to 
be localized in the membrane fraction and was isolated from 
this fraction under conditions designed to cause depolymeri-
zation of actin filaments. These conditions caused the release 
of 40 percent of the membrane counts. The released counts 
were then found to be identical to the purified actin in their 
behavior on sucrose gradients, before and after the addition of 
O. lM KCl (Fig. 7) . 
Thus it appears that the protein synthesized in very large 
amounts during the first hours of developnent is slime mold 
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actin . The actin is associated with the plasma membrane, and 
is quite tightly bour.d to it. Actin-like filaments, identi-
fied solely by their appearance in electron micrographs, have 
been reported to be associated with the plasma membranes in a 
large number of systems (Zucker-Franklin, 1970 ; Tilney and 
Cardell , 1970; Yamada et al., 1971; McNutt et al., 1971). 
More detailed studies have been carried out by Korn and his 
colleagues on the primitive Amoeba, Acanthamoeba castellanii . 
These workers have firmly established the identity of the 
filaments as actin by a variety of criteria (Pollard and Korn, 
1973) . Highly purified plasma membraue preparations display 
associated actin filaments localized on the inner (cytoplasmic) 
surface of the membranes which form characteristic arrowhead 
structures after interaction with heavy meromyosin. Korn (1973) 
has postulated that the terminal few subunits of the actin 
filament may actually be inserted into the membrane . Thus 
the bulk of the actin would appear to be loosely bound to the 
membrane, while a small fraction appears to be tightly bound. 
However the conditions which iead to the release of actin from 
isolated membranes of Acanthamoeba are ineffective on Dictyo-
stelium preparations unless a substantial concentration of non-
.ionic detergent is added. Therefore the attachment of actin to 
the much more complex slime mold membrane nay be very different 
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from the situation in Aca~thamoeba. 
It is not clear why the slime mold cells should require 
such greatly increased syr:thesis of actin at the outset of 
developi:.ent. Vegetative anoebae are motile and do synthesize 
actin though in much lesser relative amounts. .It is possible 
that deYeloping amoebae utilize a different means of loco-
motion from the growing cells. Nevertheless, unusual rates 
of synthesis have not previously been reported for actin in 
other motile systems, and the need foi. it in Dictyostelium 
demands a satisfying explanation. Even though unexplained, 
the greatly enhanced synthesis of actin in these cells promises 
to provide a very powerful tool for \he isolation of a specific 
messenger RNA molecule, a~d for an intensive study of all the 
factors involved in regulating protein synthesis in a eucary-
otic organism. 
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